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ABSTRACT 
According to the delamination theory of wear, sliding wear of metals occurs 
when wear sheets are generated by subsurface deformation, void nucleation and crack 
propagation. The processes which lead to wear particle formation are shown 
experimentally for various types of metals. The process of void nucleation around 
hard second phase particles or inclusions is analyzed theoretical ly by considering the 
accumulation of plastic strain and the state of stress below the sliding contact. The 
theory is in good agreement with the experimental results, verifying the nucleation of 
voids below a certain depth under the contact. It is shown that the minimum depth at 
which void nucleation is possible increases with increasing normal contact load and 
friction coefficient. The theoretical analysis indicates that voids can form after a 
few sliding passes and that crack propagation is the rate controlling process in 
delamination wear. 
Based on the delamination process, the effect of some microstructural 
parameters and the effect of surface preparation methods and surface roughness on 
the wear behavior is investigated. Studies carried out on microstructural effects 
substantiate the predictions of the delamination theory that the wear rate is 
controlled by both the hardness and the number of void nucleation and crack 
propagation sites. The wear rate is decreased by increasing the hardness and 
decreasing the number of void nucleation and crack propagat ion sites. 
Studies on the effect of surface roughness on wear indicate that the original 
surface roughness of machined parts controls the initial wear behavior and not the 
steady state delamination wear rate. The influence of surface roughness on wear is 
shown to depend on the normal load. Under low contact loads, rough surfaces wear 
less than smoother ones, while at higher contact loads, the wear of rough surfaces is 
larger than smoother ones. The quality and the degree of subsurface damage 
generated during surface preparation have detrimental effects on the initial wear 
rate. 
Finally, the delamination theory of wear is used to develop wear-resistant 
metallic surfaces by application of a thin soft metallic plate. Before the final failure 
of the plate occurs, the wear rate of the combination can be reduced by three orders 
of magnitude i f  the coating is softer than the substrate, has an optimum thickness ( = 
0.1 p m), and is bonded strongly to the substrate. This phenomenon is demonstrated 
experimental ly for cadmium, silver, gold and nickel-plated steel specimens. 
Thesis Supervisor: Nam P. Suh 
Title: Professor of Mechanical Engineering 
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I. INTRODUCTION 
Tribology is a science that deals with the design, friction, wear and lubrication 
of interacting surfaces in relative motion. From this definition it is evident that 
tribology has an extremely important role in the design of mechanical equipment 
since relative motion between surfaces of machine components cannot be avoided. 
Despite its significance tribology has not received much attention from scientists and 
engineers. The lack of understanding and fundamental knowledge in tribology has 
caused the field to become more an art rather than a science. 
The economic impact of improved understanding in tribilogy cannot be over- 
emphasized. According to Jost, ' the U.S. could save as much as $1 6 billion per 
annum by proper utilization of the existing knowledge in tribology. Rational design of 
sliding components and proper selection of materials and lubricants leads to savings in 
maintenance and replacement costs, reduction of losses due to breakdowns, savings in 
capital investment through increased life of machines, and lower energy consumption 
resulting from lower friction. Therefore, it is imperative to explore and utilize the 
fundamentals of tribology. 
One of the least understood and yet important branches of tribology is that 
dealing with the wear of materials. Wear often controls the useful life of many 
machine components and it may be defined as the removal of material from solid 
surfaces as a result of mechanical interactions. Wear occurs by such mechamisms as 
sliding, abrasive, erosive, fretting, surface fatigue, corrosive and diffusive wear. 
Under some conditions more than one mechanism may be responsible for wear, but 
often a single mechanism dominates. 
Among the types of wear mentioned, only sliding wear is the most common form 
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of wear. The others usually take place under special conditions. For example, 
abrasive wear occurs when hard particles are present between sliding surfaces and 
corrosive wear occurs when the environment is corrosive. However, sliding wear 
arises whenever two surfaces interact in relative sliding motion. 
Sliding wear is a complex phenomenon which is controlled by the types of inter- 
acting materials, the environment, and the loading condition. Many of the theories 
which have been advanced in the past to describe this type of wear are simplistic and 
do not consider most of the important controlling parameters. These theories deviate 
from some of the experimental observations and, in some cases, ignore the known 
principles of physics and mechanical behavior of materials. 
2 Considering these problems, Suh introduced the delamination theory of wear 
for metals sliding at low speeds. According to the delamination theory of wear, 
steady state sliding wear of metals occurs by subsurface deformation, void nucleation 
and crack propagation to generate sheet-like wear particles. It has been shown that 
this theory is consistent with observations made under experimental conditions and 
field study. 2 
The purpose of this study is to examine the mechanism of delamination both 
experimentally and theoretically and to provide a fundamental understanding of 
sliding wear. When the basic mechanisms of sliding wear and the controlling 
parameters have been fully comprehended, it will be possible to provide methods with 
which wear can be control led. 
As an introduction to the state of knowledge in this field, previous theories of 
friction and wear are described in Chapter II and the difficulties with these theories 
are indicated. The delamination theory of wear and the supporting experimental 
evidence is  presented in Chapter Ill, and the process of subsurface void nucleation is 
analyzed theoretically in Chapter IV. In Chapters V and VI, the effect of micro- 
structure and surface condition on wear are investigated. In Chapter VII, a method of 
wear reduction by using soft metallic coatings is presented and discussed in terms of 
the delamination theory. Final ly, based on this investigation, conclusions are given in 
Chapter VIII, in regard to various methods with which wear can be controlled. 
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II. THE ADHESION THEORIES OF FRICTION AND WEAR 
The existence of friction has been utilized by man from a very early date. One 
of the first applications, which dates back to pre-historic times, was to make fire by 
rubbing two sticks together. The scientific study of friction commenced in the 
seventeenth century with the writings of Amontons ( 1 699); Coulomb ( I  785) and Morin 
(1833) later contributed to the theorya3 They considered friction to be the result of 
the interlocking action of rough spots on the contacting surfaces. Scientists and 
engineers became more interested in the phenomenon of friction and wear in the 
early part of the twentieth centry when Hardy (1919) and Tomlinson (1924) estab- 
lished the adhesion theory. 3 
Systematic investigation of frictional behavior was set out by the findings of 
4 Holm, Ernst and ~erchant,' and Bowden and ~ a b o r . ~  They pointed out the dif- 
ference between the apparent area and the real area of contact, and showed that the 
friction force was independent of the apparent area of contact, but it was pro- 
portional to the real area of contact. 
A. Theories of Friction 
Over the past years, the friction force has been correlated with adhesion at the 
microcontacts, interlocking of the asperities or plowing of the softer surface. Each 
of these mechanisms has received some attention from different investigators at 
different times. However, the adhesion hypothesis has been the dominating theory 
during the past three decades. 
The adhesion theory of friction assumes that the two contacting surfaces adhere 
at the asperity junctions and that the force required to shear these junctions gives 
rise to the friction force. If the average shear strength of the junctions is 
approximated by the shear strength of the softer material, and the real area of 
contact is assumed to be dictated by the hardness of the softer material, the friction 
coefficient in the limiting case is approximately equal to 116. This value, however, is 
much lower than those measured in air and an order of magnitude smaller than those 
measured in vacuum. 
~ab inow icz~  modified the adhesion theory of friction by including the effect of 
surface energy on the real area of contact. He showed that the real area of contact 
can increase due to the change in the surface energy when two asperities adhere to 
each other. Rabinowicz's theory predicts that when the ratio of the surface energy to 
hardness is large, the coefficient of friction increases because the real area of 
contact increases. 
 ree en^' contributed to the adhesion theory of friction by analyzing the pro- 
cess of asperity deformation using slip-line plasticity. He considered both "strong" 
junctions (with a shear strength equal to that of the soft material) and "weak" 
junctions (with a lower shear strength). The model predicts friction coefficients 
which agree with the experiment0 l ly measured values. However, according to Green's 
model, plastic deformation is  confined to the regions very near the asperity contacts, 
and for friction coefficients larger than 0.38 the slip-line field degenerates to a single 
slip-line at the interface. This is inconsistent with extensive plastic deformation 
observed in worn metals. 
Gupta and Cook lo, extended Green's model by considering the possibility 
that some of the junctions are weak and some strong, according to a statistical 
distribution of hemispherical asperities. Fol lowing Green's suggestion,9 they included 
the possibility of some junctions supporting a tensile stress. The model predicts that 
when the normal load is increased the number of asperity junctions increases by the 
0.9 1 power of normal load while the area of each individual junction grows only by the 
0.09 power. According to this analysis any friction coefficient is possible depending 
on the assumed fraction of asperities which support the tensile stress. However, 
similar to Green's model, the elastic-plastic nature of the material and the possibility 
of plowing is not considered. 
Even though the adhesion models are very approximate, contain many unknowns, 
and are often inconsistent with the experimental results, the existing experimental 
evidence is sufficient to suggest that adhesion does indeed occur. Particularly, 
Rabinowicz ' * has shown that metals with a high tendency towards solid solution 
formation exhibit higher friction coefficients than metals which do not form solid 
solutions. Therefore, it may be agreed that adhesion certainly contributes to the 
generation of friction force, but some other phenomenon must occur to account for 
the observed lack of correlation with the experimental results. 
The surface roughness and the resulting inter locking of asperities may have 
some contribution to the friction force. This would suggest that the friction force 
should be proportional to the roughness. However, experimental evidence shows the 
proportionality only for very rough surfacesO3 A recent modification of the roughness 
theory relates the friction force to the deformation of the contacting bodies. l3 It 
assumes that the surface at which the asperities make contact becomes rough due to 
the formation of slip bands as a result of the deformation of the metal by surface 
tractions. The contribution of surface roughness to frictional force can only be small 
since the rough spots are not rigid but deform plastically. Therefore, only plowing, 
which will be discussed in the next chapter, remains as a possible additional important 
constituent of the friction force. 
B. Theories of Wear 
Prior to the introduction of the delamination theory, the wear behavior of 
materials had been explained in terms of the adhesion theory of wear. The theory 
postulates that when asperities come into contact and adhere strongly to each other, 
subsequent separation wi l l occasional ly occur in the bulk of the softer asper it ies. 
This process generates particles of the softer material which adhere to the harder 
surf ace. 
4 The adhesion theory of wear was first proposed by Holm who indicated that 
wear rate was directly proportional to the normal load and inversely proportional to 
14 the hardness of the wearing material. Later, Burwell and Strang experimentally 
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verified the load and hardness dependence of the wear rate. Archard proposed a 
simple model to describe the dependence of wear rate on the normal load and the 
hardness. In Archard's model the proportionality constant, defined as the wear 
coefficient, is the probability of loose particle formation during the transfer of 
particles between the two sliding surfaces. 
There are a number of important criticisms of the assumptions of the adhesion 
theory of wear: 
I. For generation of transferred particles, complete adhesion should occur at 
the junctions, and the interface must be stronger than either material. 
This interface cannot be stronger than the contacting materials since it 
may contain vacancies, impurities, or oxides. Therefore, complete adhe- 
sion and material transfer is a very rare event, except for some selected 
materials under very special conditions (e.g., seizure in vacuum or writting 
with a chalk). 
2. The adhesion theory implies that the harder surface should not wear at all. 
This is contrary to the experimental evidence. The theory is modified to 
explain the wear of harder surfaces by stating that the hard material has 
some "weak spots" inside some of the asperities, and occasional ly fracture 
takes place in these weak regions rather than in the softer metal. This 
explanation, however, is overly simp1 i f  ied. 
3. The adhesion model suggests that transferred particles are generated only 
through asperity-asperi ty interactions. This suggests that the steady state 
wear rate should depend on the surface roughness, which is contrary to 
experimental observations. 
4. The adhesion theory only considers the formation of adherent particles. It 
is a matter of general observation that wear occurs by loss of mateial from 
3 the system. Rabinowicz introduced a model to account for generation of 
loose wear particles. According to this model loose particles are generated 
from the adherend particles when the stored elastic energy in the particle 
becomes greater than the adhesion energy of the particle to the surface. 
This model, however, implies that only particles larger than about I m 
become loose. 
5. The maximum work required to generate a given volume of wear particles 
by the adhesion mechanism as given by the upper bound solutions of plas- 
ticity (assuming a Green's type of solution) is two to three orders of 
magnitude smaller than the external work done. This point is explained by 
the proponents of adhesion theories by considering a very low probability 
factor (i.e., wear coefficient) or by stating that the particles transfer back 
and forth between the surfaces a number of times before becoming loose. 
6. The adhesion theories ignore the controlling effect of friction force on the 
wear rate; yet wear depends strongly on the friction force. 
7. The adhesion theories do not consider the structure and the mechanical 
properties of materials. It is known that the behavior of materials under 
load depend sensitively on their microst~cture and the metallurgical 
parameters. Therefore, these factors cannot be ignored in a physicalJy 
realistic model for sliding wear of metals. 
The preceding criticsm of the adhesion theories indicates that the adhesion 
models are overly simplified and many important factors have been neglected. 
Nevertheless, the experimental evidence 39 ' is sufficient to conclude that adhesion 
plays some role in friction and wear of materials, but not to the extent which has 
been considered previously. Adhesion, or perhaps molecular attraction between the 
two surfaces, contributes to the friction force and to wear particle formation, and it 
is not the only mechanism responsible for wear. 
C. The Effect of Various Conditions on Friction and Wear 
The friction and wear behavior of metals depends strongly on the operating 
conditions such as surface contamination, atmosphere, load, temperature and speed. 
The effect of these variables on friction and wear has been investigated extensively 
in the literature. The readers are referred to references 3 and 15-1 7. 
Ill. THE DELAMINATION THEORY OF WEAR 
According to the COSMAT report of the National Academy of Science, one of 
the most important areas for future research in materials is the wear of metals. 19 
The importance of wear was discussed in Chapter I and it was indicated that sliding 
wear is the most general type of wear. It was then shown in Chapter II that even 
though sliding wear has been the subject of extensive recent investigations, the 
existing theories are insufficient to completely describe the observed complexities of 
the wear phenomena. 
2 The delamination theory of wear was proposed by Suh to describe the mech- 
anism of sliding wear and to provide an explanation for the observed wear behavior. 
This theory is discussed in this chapter and supporting experimental evidence is 
presented. The primary emphasis of the chapter, however, is on the qualitative 
description of the delamination process. A theoretical analysis on delamination wi l l 
be taken up in the next chapter. It should be noted the theory needs to be refined 
further, both experimentally and theoretically, i f  a precise quantitative prediction of 
the wear pheomena based on the theory is to be made. However, the delamination 
theory of wear, in its present status, can be extremely useful in providing qualitative 
insights and answers to wear problems as illustrated by the large amount of support- 
ing evidence reported in this thesis and elsewhere.* 
A. The Delamination Theory of Wear 
The delamination theory of wear refers to the following particular set of mech- 
anisms which cause wear of metals under sliding conditions: 
*A list of published papers and reports on the delamination theory of wear is included 
in Appendix F. 
a. When twoslidingsurfacescomeincontact,normalandtangential loadsare 
transmitted through the contact points. Asper it ies of the softer surface 
are easily deformed by the repeated loading, caused by the passage of the 
asperities of the harder surface. This process leads to the generation of 
small wear particles by fracture of the deformed asperities. As the process 
continues, the surface becomes smooth and the subsurface deforms 
plastically due to the surface tractions. 
b. Plastic deformation of the surface and the subsurface arises from genera- 
tion and movement of dislocations. Some of the dislocations very near the 
surface are subjected to a sufficiently large image force to be pulled out of 
the surface as the coherent oxide layer which may be present on the 
surface is broken by the moving asperities of the other sliding surface. The 
dislocations below a certain depth (depending on the material properties), 
where the image force is not strong enough, are stable and can accumulate 
and strain harden the subsurface. Consequently, the deformed material 
exhibits a flow stress gradient near the surface; i.e., as the distance from 
the surface increases the flow stress increases, reaches a maximum value, 
and then decreases. 
c. The asperities on the harder surface can therefore penetrate the surface of 
the softer material more easily as a consequence of the flow stress 
gradient. The process produces surface plowing and subsurface deforma- 
tion in the softer material. Therefore, the tangential component of the 
surface traction arises from combination of the plowing force and the 
adhesive force. However, the relative contribution of each force depends 
on the type of materials and the sliding conditions. A by-product of 
plowing is that the contact between the surfaces is not confined to the 
intermittent contact between asperities on the sliding surfaces, but rather 
some of the harder asperities make continuous contact with the softer 
surface. Therefore, the same loading condition is repeated all along the 
softer surface as the harder asperities plow the softer surface. 
d. As the subsurface deformation continues, voids are nucleated below the 
surface. Void nucleation below the contact is controlled by two factors. 
Deformation by the shear component of stress promotes void nucleation, 
while the triaxial state of compressive stress opposes void nucleation. 
Since the compressive stress is a maximum at the surface, voids do not 
nucleate at the surface. However, below a certain depth, where the de- 
format ion induced stress exceeds the compressive stress, void nucleat ion 
becomes possible. A t  depths far away from the surface void nucleation 
cannot occur since the stresses die off  very quickly. In materials which 
contain hard particles (e.g., second phase or inclusions) void nucleation is 
preferentially initiated at the particle-matrix interfaces. 
e. Upon further deformation and repeated loadings, cracks extend and 
propagate, joining the neighboring ones. Presence of voids or small cracks, 
however, does not guarantee crack propagation. Cracks can only propagate 
in the regions where criteria for propagation can be satisfied. For 
r* ' 
example, the tensile state of stress existing below the surface right behind 
each moving asperity could be responsible for subsurface crack propaga- 
tion. Cracks tend to propagate parallel to the surface since the state of 
loading is repeated along the surface. 
f. When these subsurface cracks reach a critical length and become unstable 
they propagate to the surface, generating thin wear sheets. The thickness 
of the wear sheets depends on the magnitude of the normal and the 
tangential loads at the surface, since they control the magnitude and the 
depth of the maximum tensile stress behind the moving asperity. 
B. Experimental Procedure 
In order to examine the mechanisms postulated by the delamination theory of 
wear, a large number of wear tests were performed using more than a dozen metal- 
lurgically different metals. The materials ranged from Ifinclusion and void-free" 
metals to metals containing a large number of inclusions and second phase particles. 
In this section some of the results are presented to verify the delamination process. 
A typical cylinder-on-cylinder experimental arrangement was used for most 
tests. However, some reciprocal pin-on-f lat and annular-onannular type of tests 
were also run to make sure that the delamination process does not depend on the 
testing geometry. The slider was made from AlSl 52100 steel in most cases, but 
experiments were also conducted with sliders made of the same material as the 
specimens. The tests were performed in an argon atmosphere to reduce oxidation and 
accelerate the wear process. All tests were carried out at room temperature without 
any lubrication. A more complete description of the materials, the experimental 
procedure and the results is given in Appendices A, B and C, respectively. 
C. General Aspects of the Delamination Process 
The adhesion theory and some experimental investigations predict that the worn 
volume depends linearly on the sliding distance. 3, 14-' However, practical 
experience and most laboratory experiments have shown that this dependence is not 
general and occurs only during the steady state wear process. The weight loss of 
copper specimens tested for different sliding distances in argon is shown in Fig. 3.1. 
The wear rate is initially large, but it is reduced to a much lower value after 10 x 10 3 
3 cm of sliding. Finally, after 20 x 10 cm of sliding, the wear rate increases 
drastically and tends to become constant. Since the wear rate varies with the sliding 
distance, one may conjecture that the mechanism of wear particle formation also 
changes with the sliding distance. 
The dependence of wear rate on the sliding distance, as observed in Fig. 3.1, 
can be explained in terms of the delamination theory of wear. Figure 3.2 sche- 
matically represents the delamination process for a very rough surface. During the 
initial stages of sliding, wear particles are generated from the deformed asperities 
(steps I to 5, Fig. 3.2), causing large initial wear rates observed in Fig. 3.1. After all 
of the original asperities have been removed, the wear track becomes very smooth 
(step 5, Fig. 3.2), and wear particles generate from the buildup material at the edges 
of the track or from microcutting chips. This process coincides with the very low 
wear rates observed in Fig. 3.1. When the subsurface has experienced sufficient 
plastic deformation to nucleate and propagate subsurface cracks, wear sheets are 
generated by delamination and the large steady state wear rate is observed. Since 
the process of wear sheet formation is a steady state process, the wear rate will be 
constant, provided that all conditions remain the same. 
The duration of time (or sliding distance) for each wear rate regime in Fig. 3.1 
depends on the material, surface, condition, and the magnitude of the surface 
tractions. For example, the transient stage of asperity deformation and removal 
depends on the size of asperities, subsurface machining damage, flow stress of the 
material and the surface tractions. The delay time before the steady state 


delamination and the wear rate during delamination depends on the rate of crack 
nucleation and propagation, which is control led by the microstructure and the surface 
tractions. In materials with few asperities and a high rate of crack nucleation and 
propagation, the low wear rate regime may be absent and delamination could start 
right after or congruent with the process of asperity deformation. 
The effects of surface roughness, machining damage, microstructure and sur- 
face tractions will be discussed in later chapters. Some direct experimental evidence 
for the mechanisms predicted by the delamination theory of wear will be presented 
here according to the sequence mentioned in Section A. 
D. Asperity Deformation and Fracture 
Deformation of asperities during the initial stages of sliding is seen in Fig. 3.3 
for copper. It is  observed that the original asperities have been smeared to fill the 
valleys, and in some areas, small wear particles have been separated from the track. 
One such plate-like wear particle generated from the smeared asperities is seen in 
Fig. 3.4a. In these initial stages of sliding, wear particles sometimes are generated 
from the material build-up at the edges of the wear track, Fig. 3.5. These particles 
are generally thick and elongated, as observed in Fig. 3.4b. After all original 
asperities have been removed, a smooth surface, Fig. 3.6, wil l  be produced containing 
furrows in the sliding direction. 
E. Flow Stress Gradient and Plowinq 
The delamination theory of wear postulated that the surface of metals may be 
* 
softer than the subsurface due to dislocation instability near the surface. This 
*Other explanations have been given in the literature for the flow stress gradient, 
they will be discussed in Chapter VII. 
Wear 
Track 
Figure 3.3 Initial smoothing of the wear track of annealed OFHC copper 
after 30 cm of sliding against an AlSl 52 100 steel pin under a 
load of 0.25 kg, in air. 
3 Figure 3.4 Wear particles in the transient stage of wear, after 9 x 10 cm of 
sliding. 
a. From the deformed asperities 




































Figure 3.6 Smooth wear surface of OFHC copper 
condition would then facilitate plowing of the soft surface, which would contribute to 
the magnitude of the tangential force. Experimental evidence for the gradient in 
dislocation density is not available due to experimental difficulties. However, some 
experimental results on the presence of hardness gradient below worn surfaces and 
evidence of plowing on the wear track will be presented. 
Microhardness tests have been made on worn surfaces of metals by Kobo and 
Kirk and swanson,*' and savitskiim2* Their results verify the existence of a 
hardness gradient below worn surfaces of copper and aluminum. Similar flow stress 
gradient near the surface of copper single crystals under bulk deformation has been 
reported by Fourie. 23 Figure 3.7 shows the experimental results obtained by 
Savitskii, and Kirk and Swanson. Savitskii's result was obtained by indenting the wear 
surface of aluminum using different indentation loads, while Kirk and Swanson's result 
was obtained by indenting the subsurface of a copper wear sample after sectioning. 
Both results indicate that the hardness is low at the surface and increases to a 
maximum value before it decreases to the bulk hardness. The experimental results 
show that the peak hardness in aluminum is at a depth of 10 to 15 p m, whereas in 
copper it is at 80 p ma Similar hardness variations in b.c.c. metals cannot be 
measured using this type of technique, because the flow stress varies over on ex- 
tremely shallow depth ( =  0. I p m). The hardness variation reported in the literature 
24 for steel is not due to the dislocation mechanism but rather to phase transforma- 
tions associated with high rate of heating and quenching during wear tests. 
According to dislocation theory the maximum depth at which the dislocations 
can be pulled out of the surface is the depth at which the magnitude of the image 
stress equals the friction stress (stress required for dislocation motion through a given 
material). Therefore, dislocation accumulation and strainhardening occurs below a 
0 ORIGINAL SURFACE 
X CONTACT PRESSURE.64 K G / C M ~  
CONTACT PRESSURE = 74 K G / C M ~  






I I I I I I I I 









REF. KHN OF 
705  @ D= 2 5 0  
I I I I I I I 
0 10 20 3 0  40 5 0  60 70 80 
D (MICRONS) 
Figure 3.7 Subsurface hardness variation. 
a. Indentation hardness of the wear surface, varying the in- 
dation load, aluminum specipen wear tested under normal 
stresses of 64 and 74 kg/cm (Ref. 22). 
b. lndentat ion hardness of sectioned worn surface, constant 
indentation load, copper specimen wear tested under a 
normal load of 0.682 kg (Ref. 2 1 ). 
critical depth (which depends on the magnitude of friction stress, which in turn 
depends on t'he material's structure and composition). Calculated values of this 
critical depth for silicon-iron and pure copper single crystal are 0. l m and 10 p m, 
respectively.* Comparison of these values with the depth of maximum hardness 
indicates that the experimentally determined depths are much larger. This difference 
is probably due to the complex loading conditions during wear and difference between 
the worn materials and the materials for which the critical depth was calculated. 
Since friciton stress depends strongly on the microstructure of the material, the 
presence of large deformation, voids and cracks would change the value of friction 
stress, resulting in actual critical depths much different than the calculated ones. 
The presence of a softer layer of material at the very surface during wear 
would tend to favor the penetration of the softer surface by asperities of the harder 
one. During sliding, the asperity penetration will cause plowing and deformation of 
the softer surface. Evidence for plowing was shown in Fig. 3.6 for copper. Similar 
plowing marks are observed in Fig. 3.8 for a steel specimen. 
F. Subsurface Deformation 
An important consequence of the plowing action is a uniform plastic deforma- 
tion at each depth below the surface rather than localized plastic flow at asperity 
contacts. The uniformity of the deformation field is observed in Fig. 3.9 for a steel 
wear sample. It is observed that the deformation is very large at the surface but 
decreases very quickly with depth below the surface. The strain distribution below a 
wear surface is shown in Fig. 3.10. The strains were determined by measuring the 
grain distortion at different depths.26 It is important to note that this strain 
distribution is a steady state distribution and it is accumulated after many repeated 
Figure 3.8 Evidence of plowing on the wear track of AlSl 1020 steel tested 







































































































































































































loadings. Such a large strain at the surface (true strain of 16 for steel and = 100 for 
copper) 'is perhaps due to the combined effects of the high compressive state of 
triaxial stress below the contact, the "soft" nature of the deformed surface, and the 
strain accumulation due to cyclic softening of the metal under repeated constant 
stress loading before the surface layer is removed by subsurface crack nucleation and 
propagat ion. 
The elongation of the grains near the surface in Fig. 3.9 resembles the micro- 
structure of heavily rolled metal sheets. It is a known fact that rolling beyond 50% 
strain causes texturing and anisotropy in the plane of the sheet.27 Therefore, one can 
expect that surface deformation during wear will result in texture development at the 
surface. Experimental evidence indicates that sliding does indeed cause texture 
development.28 The texture is such that the primary slip planes and directions 
become nearly paral.lel to the sliding direction. It is expected that the preferred 
orientation and an isotropy influences the wear process by affecting the surface 
traction, subsurface deformation, void nucleat ion and crack propagation. However, 
these effects have not been studied. 
G. Subsurface Void and Crack Formation 
The intense plastic deformation eventually nucleates voids below the surface. 
Void nucleation occurs both in metals which contain hard second phase particles or 
inclusions and in metals which do not have any such particles. The experimental 
evidence for the nucleation and propagation of subsurface cracks is presented here; 
the process is analyzed theoretically in the next chapter. 
In materials which contain hard second phase particles or inclusions, voids 
9 
nucleate by matrix/particle separation, as observed in Fig. 3.1 1. The micrographs 
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show the formation of voids and cracks around the inclusions in Fe - 1.3% Mo. It is  
noted that continued deformation has started to link up the voids near the surface 
into small cracks. This process eventually produces long subsurface cracks which are 
parallel to the surface. 
The subsurface deformation, and void andcrack formation in spheroidized 1020 
steel is shown in Figs. 3.12-3.14. Most of the voids and cracks in these 
photomicrographs are associated with the carbide particles. Absence of carbides 
from some voids can be attributed to carbide pul I-out during polishing. 
Subsurface voids elongate by further plastic deformation and become oriented 
along the deformation direction as can be observed in Fig. 3.13a. Subsurface cracks 
develop from these elongated voids by void coalescence, Fig. 3.13a, or by crack 
propagation between the voids, Fig. 3.1 1. The process of void coalescence occurs at 
any depth in the deformed region, Fig. 3.130, whereas crack propagation takes place 
only very close to the surface, Figs. 3.13b and 3.14. It will be discussed later that 
void coalescence is possible due to the shear deformation below the contact, while 
crack propagation is possible due to the tensile state of stress behind the contact at a 
short distance below the surface. 
Subsurface voids and cracks also form in metals without hard second phase 
particles or inclusions, as observed in Fig. 3.15 for iron and iron-tungsten solid 
solution. The mechanism of void formation in these metals has not been determined 
experimentally. However, some possible mechanisms are dislocation interactions or 
vacancy coalescence. These voids join to form long subsurface cracks as shown in 
Figures 3.16 and 3.17. The micrograph in Fig. 3.16 shows a 50 p m  crack parallel to 
the surface which is approximately 3 p m below the surface of a Fe-500 ppm W solid 
solution specimen. 

Figure 3.13 Subsurface deformation, void elongation and crack formation 
in steel. 
a. Doped AlSl 1 020 steel (Test No. 4 1 ). 
b. Commercial AlSl 1020 steel (Test No. 43). 


Figure 3.1 6 Subsurface deformation and crack formation in iron solid 
solution (Test No. 8). 
Figure 3.1 7 shows a long subsurface crack and some shorter cracks which have 
not yet joined together in an OFHC copper specimen. A higher magnification of the 
section revealed a large number of voids, although in the copper there were no 
inclusions easily identifiable at this magnification. 
H o  Wear Sheet Formation 
As sliding continues, the subsurface cracks extend further, nearly parallel to the 
I 
surface, propagating to the surface when the microstructure and the state of stress 
favor the change in crack propagation direction. Figure 3.18, which is a micrograph 
of the wear track of OFHC copper, shows one such crack which has reached the wear 
surface. The relatively smooth wear track with parallel furrows in the sliding 
direction is a further evidence of the plowing mechanism discussed earlier. The 
smooth wear track of this specimen and low wear rate together indicate that the 
wear process in this specimen is in the early stages of delamination. The wear sheets 
were detached from the surface only in some areas and occasionally cracks similar to 
the one shown in Fig. 3.18 or shorter cracks perpendicular to the wear track were 
observed as shown in Fig. 3.19. 
Further sliding will cause all portions of the crack front opposite to the sliding 
direction to advance to the surface. Figures 3.20, 3.21 and 3.22 show this behavior 
for cadmium bicrystal, Fe-880 ppm W, and Fe-2.7% Mo, respectively. The wear sheet 
will l i f t  from the plane *of the surface due to the residual stress and strain in the 
sheet or due to the repeated loading. This is dramatically shown in Figure 3.23 for 
Fe-4000 ppmW. The sheet in this photograph is only attached to the wear surface at 




Figure 3.19 Wear track of OFHC copper (Test No. 5 I). 
a. Wear sheet formation. 



















































After repeated passage of the slider cracks will develop at the position where 
the sheet is sti l l attached to the worn surface. This type of crack, which eventually 
detaches the sheet from the surface, may be seen in Figs. 3.24 and 3.25. It should be 
emphasized here that the ductility plays a major role in wear sheet detachment, since 
the fracture of the sheet will be enhanced in less ductile metals. When the sheets 
become detached from the surface, shallow craters are produced on the worn surface, 
as shown in Fig. 3.26. 
I .  Some Features of the Worn Surfaces 
The micrograph in Fig. 3.25 shows the surface topography of the top of the wear 
sheet as well as the underside of the sheet. The top surface is relatively smooth with 
parallel furrows in the sliding direction. This surface topography and other similar 
evidence supports the plowing concept. 
It was discussed earlier that the subsurface cracks may form by the process of 
void coalescence in ductile metals, resembling ductile fracture. Therefore, one would 
expect the surface topography beneath the wear sheets to be similar to ductile 
fracture surfaces. This fact is evident in Fig. 3.25 and more clearly in Fig. 3.27, 
which shows a wear sheet that has been almost completely separated from the 
surface of high purity iron. (This sheet appears to be much brighter than the 
surrounding area because it rests at a large angle to the surface; and the electron 
beam is reflected from the sheet at a higher intensity than from the wear surface.) A 
section of this micrograph is magnified in Fig. 3.27b to show shear dimples below the 
sheet. This resembles ductile fracture where shear dimples are generated from 
rupture of material between the voids. 29 
Figure 3.27~ (which was obtained from the same specimen at a region where a 
Sliding D i r e c t  ion 
Figure 3.25 Wear sheet formation in iron solid solution (Test No. 18). 
h 
- 62- 
Sliding Di rec t ion  
m Figure  3.26 Wear c r a t e r  in iron solid solution (Tes t  No. 18). 
(4 
Figure 3.27 Worn surface of pure iron (Test No. 6). 
a. Wear sheet formation 
b. Shear dimples beneath the wear sheet in (a) 
c. Dimpled appearance of a wear crater. 
wear sheet had been detached from the wear track) shows the shear dimples very 
clearly. One may expect to observe the shear dimples on the wear track at the 
regions where the sheets have been separated, i f  the slider has not passed over the 
area. 
The examination of the wear surface of Fe-2.7% Mo showed that the shear 
dimples formed in this material were very similar to those formed in the high purity 
iron. However, the size of the dimples appeared to be smaller. The observations 
indicated that wear sheet formation mechanism may be the same in solid solutions 
and in pure metals. 
The ductile fracture patterns are absent from less ductile metal surfaces, as 
shown in Fig. 3.28 for steel specimens. Micrograph (a) was obtained from commercial 
AlSl 1020 steel, while micrograph (b) was taken from specially doped AlSl 1020 steel 
(the bright areas in (a) are believed to be oxide particles). Both of these surfaces 
appear to be relatively smooth as compared to Fig. 3.27c, which is of high purity iron. 
This is an indication that the subsurface cracks in this two-phase material form by 
crack propagation between the voids surrounding the carbides, as opposed to the void 
growth and coalescence in iron solid solutions. 
J. The Size of Wear Sheets 
The wear sheets shown in the micrographs of Figs. 3.18 to 3.25 have dimensions 
of 7 to 120 um in length, 60 to 100 p m in width and only I to 10 pm in thickness. The 
ratio of thickness to length (0.0 1 to 0.1) is an order of magnitude smaller than that 
reported for transferred particles.3 This large difference can be explained by 
considering that the wear sheets observed here were s t i l l  attached to the material 
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from the parent metal, they will be fractured into smaller particles. If these smaller 
particles adhere to the opposing surface (provided adhesion is possible for the 
particular sliding system and condition), a larger aspect ratio may be observed. 
Most of the wear sheets which have been observed in the preceding figures were 
generated from metals without second phase particles or inclusions; i.e., high purity 
iron, iron-tungsten solid solutions and OFHC copper. Examination of the wear tracks 
of steel specimens revealed only a few attached wear sheets, as observed in Fig. 3.29. 
However, there were numerous wear craters indicating that delamination had 
occurred. The average size of the wear sheets in the steel specimens tested was 40 
pm in length, 20 pn in width and only I pm in thickness. 
The steel specimen in Fig. 3.29 showed some indication of oxidation on the wear 
track, and the steady state friction coefficient was 0.5 due to oxidation. When the 
test was performed under a more refined setup to reduce oxidation, the friction 
coefficient was increased to 0.8. The wear particles collected after this test under a 
load of 2.25 kg is shown in Fig. 3.30. The average length of these sheets is 
approximately 300 p m, although a few very large particles are observed. Comparison 
of Figs. 3.29 and 3.30 qualitatively indicates that the size of the wear sheets depend 
on the friction coefficient. 
Figure 3.3 1, which shows the wear particles, from a test under a load of 0.4 kg, 
indicates that the average particle size is approximately the same as the size of 
particles under 2.25 kg load, Fig. 3.30. This may be explained as follows. According 
to Gupta and Cook lo' an increase in the normal load does not cause a large 
increase in the area of each contact but rather increases the number of contacts. 
Because surface tractions are limited to the maximum stresses each contact can 




contact will remain the same. Consequently, the size of the particles will be 
independent of the normal load, unless the real area of contact approaches the 
apparent areas of contact. Large normal loads, however, increase the number of 
contacts which will increase the number of loadings on the surface. The larger numer 
of load applications or cycles will increase the rate of crack propagation and the 
delamination rate. 
K. Discussion on the Delamination Process 
The experimental results presented in this chapter verify the hypotheses of the 
delamination theory in regard to the mechanism of wear sheet formation. It was 
shown that at early stages wear particles form by plastic deformation and fracture of 
original asperities. However, steady state wear occurs by subsurface deformation, 
void nucleation and crack propagation to generate wear sheets. Therefore, the wear 
behavior of metals is control led by the deformution and fracture characteristics of 
the material. In the SEM micrographs presented no evidence of adhesion and transfer 
was observed, which indicates that delamination was the primary mechanism for 
wear. In the previous chapter it was discussed that convincing evidence of adhesion 
and transfer exists in the literature. However, adhesion can only contribute to the 
existence of the friction force and some small scale transfer of material; and it 
cannot account for large scale wear particle formation. 
Examination of wear particles generated in many lubricated machinery has 
revealed the presence of wear sheets. 2' 30-39 These particles were collected by 
~ e r r o ~ r a ~ h ~ ~ ~  from lubricating oi Is of transmission, bearings, gun mounts, and jet 
engines. The steel wear sheets are generally less than I pm thick while the non- 
ferrous wear sheets are thicker. The other dimensions of the sheets are much smaller 
than the size of the sheets observed here, probably because of low friction coef- 
ficients and fracture of the sheets as the oil is circulated through the system. 
Since delamination occurs due to the presence of tractions at the contacting 
surfaces, one may expect to observe delamination in other types of surface 
phenomena where normal and tangential forces are present at the surface. Evidence 
of subsurface cracking has been observed by suh40 in abrasive wear and erosion by 
solid particle impingement. Waterhouse and Taylor -43 and ~ t o w e r s ~ ~  have 
observed subsurface deformation and wear sheet formation under fretting conditions. 
Occurrence of delamination under abrasion of alumina has been reported by Swain. 45 
The preceding review of the observations of other investigators on wear under 
various conditions signifies the generality of the delamination theory of wear. One of 
the major advantages of this theory is that it can be effectively used in design or 
selection of low-wear metals. This phenomenon will be discussed further in the next 
chapters. 
Various aspects of the delamination theory will be examined in the subsequent 
chapters and the hypotheses will be discussed. The existence of the soft surface layer 
will be examined in Chapter VII since the concept has been used to develop wear 
resistant surfaces. The process of asperity deformation and fracture will be discussed 
in Chapter VI in relation to the effects of surface roughness and integrity on wear. 
The mechanics and the mechanism of subsurface void nucleation and crack 
propagation will be analyzed in Chapter I V  and the effect of microstructure on wear 
will be presented in Chapter V. 
IV. ANALYSIS OF SUBSURFACE VOID NUCLEATION FROM 
HARD SECOND PHASE PARTICLES 
It was shown in the previous chapter that steady state delamination wear occurs 
by void nucleation and crack propagation below the surface. Void nucleation at 
inclusions or hard second phase particles was shown to occur by separation of the 
matrix from the particles. In this chapter the process of void nucleation around hard 
particles is investigated analytically in terms of the state of stress and the 
accumulation of plastic strain during repeated passages of asper it ies over the surface. 
The purpose of this analysis is to find the regions under the contact where void 
nucleation is possible, to find the effect of friction coefficient and the normal load on 
the nucleation process, to determine the number of asperity passes required for void 
nucleation, and to determine which process (void nucleation or crack propagation) is 
the rate controlling mechanism in a given wear situation. 
A. Review of the Literature on Void Nucleation 
- - -- - 
The process of void nucleation from inclusions or hard second phase particles in 
uniaxial tension or pure shear testing has been the subject of extensive investigations, 
both theoretical and experimental. Some recent reviews of the subject are given by 
~ 0 ~ f o r - d : ~  osen f  i e ~ d ? ~  ~ o ~ e r s > *  and Argon et al?9 Although the process is not 
yet completely understood, some facts are clear. The experimental results indicate 
that voids nucleate from hard particles by either particle-matrix separation or 
particle fracture. General ly, matrix-particle separation is observed for equiaxed 
particles and particle fracture is found for elongated particles. Here only the 
equiaxed particles are considered. 
Earlier investigations on void formation can be grouped in three categories 
according to the criterion used for void formation; that is, the energy criterion, the 
50 local stress criterion and the local strain criterion. Gur land and Plateau proposed 
that voids at the interface can form when the locally concentrated elastic strain 
energy, which could be released upon decohesion, becomes comparable with the 
energy of the surfaces to be generated. A more recent and complete analysis of 
Tanaka et a15 shows that in a purely elastic situation the energy criterion is always 
0 
satisfied for particles larger than 250 A when the stress almost reaches yield stress. 
However, in many instances much larger particles have been observed to remain 
attached to the matrix even at strains much larger than the yield strain. Thus, the 
energy criterion is a necessary but not sufficient condition. It follows that for very 
0 
small particles (smaller than 250 A) void nucleation becomes very difficult since the 
energy criterion is no+ satisfied. 
Since the energy requirement is not a sufficient condition, some local stress or 
local strain criterion must be satisfied before void nucleation is possible. Stroh 52, 53 
analyzed void nucleation by considering local stress concentrations due to dislocation 
54 pile ups at inclusions (this method was proposed by Zener ). However, this mech- 
anism cannot be responsible for void formation at moderate temperatures, since the 
ease of secondary slip makes the development of high stresses very difficult. 
introduced a stress criterion based on a dislocation model for void nucleation 
in which it is considered that the dislocations generated by primary slip interact with 
the dislocaitons generated by secondary slip at particles. These interactions form 
reverse pile-ups and can build up to cause a large tensile interfacial stress at the 
part ic le-matr ix interface. Ashby's dislocation model was later modified by Brown and 
56 Stobbs to include an energy argument for void nucleation. 
57 McClintock, in considering elastic-plastic continuum analysis of stress dis- 
tribution around cylindrical inclusions in anti-plane shear, found that large strain 
concentrations can develop around the rigid inclusions in a non-hardening matrix. He, 
therefore, suggests a local strain criterion or a criterion which is a mixture of a local 
interfacial shear strain and a local interfacial tensile stress. 
The above review on the criteria for void nucleation indicates that, for void 
nucleation from hard particles in a deforming matrix, the energy criterion must be 
satisfied and a tensile stress larger than the interfacial strength must be developed. 
Therefore, for large particles the energy criterion is always satisfied and the stress' 
criterion becomes the dominating condition. (Since the strain criterion has not been 
developed to a point that can be implemented, it is assumed that the stress criterion 
is a sufficient condition.) 
In the analysis of interfacial tensile stress development, two methods can be 
used. Which one is preferable depends on the size of the particles. For particles 
smaller than I prn, the dislocation onalysis of Ashby is suitable, whereas for larger 
particles continuum mechanics is simpler and more appropriate since the slip plane 
spacings are much smaller than I pm. ~ u a n ~ ~ *  analyzed the stresses around a rigid 
cylindrical inclusion embeded in an elasticpower law hardening matrix subjected to 
pure shear. He found a maximum interfacial tensile stress which was independent of 
boundary shear strains. However, physical ly this stress must depend on the boundary 
shear strain. Orr and ~ r o w n ' ~  found an interfacial tensile stress which depended on 
the boundary shear strains. Their solution, which was obtained for a rigid inclusion in 
an elasticplastic non-hardening and a linearly hardening matrix, did not reach a 
steady state value and the interfacial tensile stress increased continuously with the 
boundary shear strain. The difficulties involved with these two solutions, i.e., 
boundary shear strain independent stress in Huangls solution and the lack of a steady 
state in Orr and Brown's solution, indicates that these solutions are not accurate and 
cannot be useful. 
Argon et al. 499 60' 61  analyzed the process of void nucleation around rigid, 
inclusions of circular cross-section embeded in an elastic-plastic matrix in plane 
strain subjected to pure shear and superimposed hydrostatic tension. They demon- 
strated that the interfacial tensile stress must be limited by two solutions. Following 
62 Rhee and McClintock, an upper-bound solution was found by assuming the matrix to 
be incompressib le-l inear ly hardening (with zero yield stress), and a lower bound 
solution was found for an elastic-perfect ly plastic matrix. The two limiting solutions 
yielded very close results, and they concluded that the maximum interfacial tensile 
stress due to pure shear at the boundary is equal to the yield strength of the material. 
They also suggested that the hydrostatic tension component of the stress may be 
superimposed on the interfacial tensile stress. Therefore, 
where a is the maximum interfacial stress, y (9) is the yield strength of the r r 
material and an is the hydrostatic stress. Void nucleation is then possible i f  qr 
reaches the particle-matrix bond strength. 
From the above criterion it follows that void nucleation can be retarded i f  the 
particle-matrix bond strength is increased. It has been shown that the particle- 
matrix adhesion can be increased by a small amount of alloy addition to the matrix 
which increases the ductility.639 64 (Ductility is controlled by void nucleation around 
particles and void coalescence.) 
Equation (4.1) indicates that voids can nucleate more easily if a hydrostatic 
tensile stress is present, and that void nucleation can be suppressed in the presence of 
a hydrostatic compressive stress. Sufficient experimental results have been published 
to show that in fact void nucleation is suppressed in the presence of a large 
hydrostatic pressure 68 65d7 and that ductility under uniaxial testing or shear de- 
69 formation can be increased by superimposing a large hydrostatic pressure. 
B. State of Stress Under A Sliding Contact 
The investigations on void nucleation from hard particles reviewed in the last 
section were all for uniaxial tension or pure shear loading. The state of stress under a 
sliding contact, however, is very complex and before the process of void nucleation in 
delamination can be analyzed, the state of stress below the surface must be de- 
termined. 
No exact solution exists for an elastic-plastic plane subjected to sliding at the 
surface. However, an approximate solution for an elastic-perfect ly plastic plane is 
given by Merwin and ~ohnson~' and Johnson and ~e f f r ies .~ '  This method of solution 
which is described in Appendix D, gives the state of stress, the residual stresses and 
the residual strains during steady state sliding of an elastic-perfectly plastic plane 
against a rigid stationary plane, as sketched in Fig. 4.1. The cartesian coordinate 
axes in Fig. 4.1 are fixed in the stationary body and the maximum applied normal and 
tangential stresses at the contact are designated with po and qo, respectively. In 
order to find the state of stress in the moving plane, po and qo must be first speci- 
f ied. 
It is well established that in sliding of two surfaces with the applied normal and 
tangential loads N and T, the contact is made at asperities of the two surfaces, Fig. 





Figure 4.1 Model of a contact between a stationary rigid asperity and a 
sliding elastic-perfect ly plastic plane. 
Figure4.2 Contactoftworoughsurfacesinsliding. 
a. Aphysicalmodel. 
b. An idealized model. 
c. Model of a single contact. 
4-20. In order to simplify the problem, it can be assumed that the lower surface is 
smooth and the upper surface is rough, Fig. 4.2b. Therefore, in order to analyze the 
state of stress in the lower plane, one asperity contact, Fig. 4.2~ is considered. The 
main problem is to find the stresses P and Q at the contacts. I f  it is assumed that all 
contacts have the same area A and that there are n such contacts, it is found that 
The friction coefficient, p,  is then found; 
If adhesion would occur at the contact, the contact stresses P and Q may be 
found by a slip-line method proposed by Green, *' Fig. 4.3a. In satisfying the yield 
condition at the contact, a relation between P and Q can be obtained, Fig. 4.3b. 
Green's analysis applies to a rigid-perfectly plastic material and Q is limited to k, the 
yield strength in shear. The problem with this solution is that the slip-lines 
degenerate to a single slip-line at the surface for friction coefficients larger than 
0.38. This means that for large friction coefficients the lower body remains rigid, 
which is physical ly unrealistic. 
If plowing occurs at the contact, Q can be larger than k and the slip-lines would 
not degenerate for larger friction coefficients. Therefore, in the contact model of 
Fig. 4.2c, it is assumed that plowing occurs and the tangential stress Q can be larger 
Figure 4.3 a. Green's slip-line field for a rigid asperity sliding over a 
r igid-perfect ly plastic plane. 
b. The relationship between the normal contact stress, P, and 
the tangential stress, Q, obtained from slip-line field in (a) 
by using Tresca yield criterion. 
than k. It should be noted, however, that by this assumption the yield condition is 
violated at the contact since the actual contact shape is unknown. Nevertheless the 
Merwin and Johnson solution guarantees that the yield condition is satisfied 
everywhere below the surface. 
The Merwin and Johnson method was used to find the size of the plastically 
deforming zone under a contact, the state of stress, the residual stresses and the 
residual strains during steady state sliding. The result for the applied normal stress 
Po = 4k and different tangential stresses ranging from qo = 0 to qo = 4k is given in 
Fig. 4.4 through Fig. 4.9. The steady state plastically deforming region is shown in 
Fig. 4.4. It should be noted that for zero friction a state of shakedown is reached and 
I 
the steady state deformation is purely elastic. The size of the plastic region 
increases with increasing friction coefficient. For friction coefficients smaller than 
0.5, the plastic region is below the surface, whereas at larger friction coefficients the 
plastic region extends to the surface. The large size of the plastic zone in front of 
the slider for large friction coefficient is surprising. Perhaps this is due to the fact 
that plowing was assumed for the stress boundary condition, but the displacements for 
plowing (i.e., raised material in front of the slider) were not considered. I f  the 
solution would allow a raised surface in front of the contact, stresses would be 
relieved below the surface in front of the contact, and the size of the plastic zone 
would decrease. 
The steady state ~ ~ , a  yr and a components of stress at various depths are 
x Y 
given in Figs. 4.5 to 4.7. (The cordinates are described in Fig. 4.1 .) It is noted that 
OXX is always compressive whereas 0 becomes tensile behind the contact and close YY 
to the surface. This tensile zone has also been found in obtaining a similar solution by 
a finite element methodO7* The distribution of steady state residual stress ( o ~ ~ ) ~  is 
t 3  
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Figure 4.6 The steady state o component of the state of stress at different 
depths, normalizedl8ith respect to the maximum applied normal 
stress po = 4k; for friction coefficient p = 0.5. 

given in Fig. 4.8 for different friction coefficients. (As discussed in Appendix D the 
only possible residual stresses are 0 and a,z.) Figure 4.8 shows that the residual 
XX 
stress is compressive and its magnitude, for large friction coefficients, is largest near 
the surface. 
The steady state increment of shear strain, ( y  ) , per each passage of the 
XY r 
slider, is given in Fig. 4.9. It is observed that the increment of shear strain is largest 
at the surface, for large friction coefficients, and its magnitude increases with in- 
creasing the friction coefficient. It should be noted that during steady state sliding, 
the only nonzero plastic strain is the shear strain which accumulates with an amount 
( ~ x r ) r  after each passage of the slider. 
C. Analysis of Void Nucleation Below the Surface 
Since the state of stress and the residual stresses and strains can be obtained 
for the case of steady state cyclic sliding, the process of void nucleation from hard 
particles can be analyzed for steady state delamination wear. It is assumed that the 
inclusions are larger than I m; and therefore the energy criterion for nucleation is 
satisfied and the problem can be treated by continuum mechanics. It is also assumed 
that a stress criterion can be used for this case, i.e., void nucleation from hard 
particles occurs when the interfacial tensile stress becomes equal or greater than the 
particle-matrix bond strength. Therefore, the problem is to find the interfacial 
* 
normal stress at subsurface hard particles. 
It is assumed that the particles are cylindrical and rigid and are embeded in an 
elastic-perfectly plastic matrix. The interfacial normal stress at the particles 
*An attempt was made to find the interfacial normal stress around particles by using 
a finite element program. However, the finite element method was found to be very 
expensive for this problem, and it was discontinued. 
1.0 2.0 3.0 
Deoth Below Sur face  ( v / a )  
Figure 4.8 The steady state residual stress 0 x x  for different friction coefficients, 
normalized with respect to the maximum applied normal 
stress po = 4k. 
Depth Below Su r face  ( y / a )  
Figure 4.9 The steady state residual shear strain per pass, for 
different friction coefficients, normalized with respect 
t o  the yield strain in pure shear and the maximum applied 
norrnal stress po = 4k. 
depends both on the state of stress and the accumulated plastic strain with each 
passage of the slider. It is assumed that the analysis can be performed separatley for 
the state of stress and the accumulation of strain. The interfacial normal stress, T, 
found from these two solutions are then superimposed to obtain the total interfacial 
normal stress. It is assumed that the stress f ieldaround inclusions do not interact. 
In order to find arr due to the accumulation of plastic shear strain, the solution 
49 
of Argon et at. for pure shear is used; i.e., Equation (4.1). A point (x, y) is 
considered below the surface, subjected to a shear strain y 
XY' 
The point is then 
considered as a small element with the shear strain Y applied at the boundaries. It 
XY 
is assumed that a rigid cylindrical particle is inserted at the center of the element as 
shown in Fig. 4.10. The shear strain y develops an interfacial normal stress or, 
XY 
around the particle, where is a function of Y rr XY' 
It is assumed that during cyclic slidingarr depends on Y asshown in Fig. 4.11 (an 
XY 
elastic-perfectly plastic relationship). The shear strain Y is the total accumulated 
XY 
strain and it is increased by increments of (Y ) after each asperity pass. 
. XY r 
According to Fig. 4.1 I, maximum urr can be developed when 
where Y is yield strain in pure shear and G is the elastic shear modulus. The number Y 
of slider passages before maximum a,, i s  developed can be found since the shear 
strain increment per pass ( y ) is known from stress analysis. From the assumed 
XY r 
Figure 4.10 A rigid cylindrical inclusion under a pure shear state of 
strain. 
Figure 4.1 I An assumed elastic-perfectly plastic stress-strain curve 
for a cyclic sliding situation. 
relation between arr and y given in Fig. 4.1 1, the maximum err due to accumulated 
XY 
plastic strain is equal to fl k. However,o rr depends on the position around the 
particle, or, 
I = n k  Sin 2 8 (4.7) 
where (or,)l is the normal interfacial stress due to the cumulative plastic 
deformation around a particle located at a depth y below the surface. 
In order to find the maximum interfacial normal stress err due to the state of 
stress under the contact, Argon et ale's criteria, Equation (4.1) may be used. How- 
ever, the stresses at each point must first be transformed to a state of maximum 
shear stress and hydrostatic stress by using Mohrls circle. Following the procedure of 
the last paragraph, it is assumed that the stresses act on an element and a particle is 
inserted at the center of the element, Fig. 4.12. Therefore, using Equation (4. I), 
(ur r I2= f i r  max S i n 2 ( 8 - + ) + a h  
where T is the maximum shear stress at the point (x, y), is the angle from the 
max 
x - axis to the axis of the maximum positive shear stress, and a is the hydrostatic n 
stress at (x, y); 0 appears in the equation since the von Mises yield criterion is used. 
The total a rr due to both the state of stress and the accumulation of plastic 
shear strain is found by adding Equation (4.7) and Equation (4.81, and the maximum 
a,, which occurs at some angle 8 = 8 can be obtained for each point (x, y), 0 
Figure 4.12 A rigid cylindrical inclusion under a general s t a t e  of 
stress. 
(a rr)max = m S i n 2 e  o + mr max Sin2(eo-0)  + o h  
As it was shown in the last paragraph the number of slider passages before b rr)max 
can be developed at a given depth is also determined once the shear strain increment 
per pass is known at that depth. 
Equation (4.9) was programmed in DCC FORTRAN IV language using Merwin 
and Johnson's method to calculate the state of stress and the residual stresses and 
strains. The program is listed in Appendix E. The contours of constant (orr)max, 
found from Equation (4.9), are plotted in Figs. 4.13 to 4.15 for an applied normal 
stress at each asperity contact of 4k and friction coefficients of 1.0, 0.5 and 0.25. It 
should be noted that is normalized with respect to k, the yield strength in 
shear, and all distances are normalized with respect to a, the half contact length. 
The figures show that iarr)max is compressive below the contact and attains its 
largest values in front of the slider, well below the surface. 
I f  the particle-matrix bond strength is equal to 2k, Figs. 4.13 to 4.15 show that 
the size of the region in which void nucleation is possible decreases with decreasing 
friction coefficient. The size of the void nucleation region is smaller for a stronger 
particle-matrix bond. It is not surprising to find that voids can only nucleate well 
below the surface (\,1 2k), since the subsurface observations of wear samples in the 
last chapter showed that voids nucleate below the surface. 
The minimum and the maximum depth of the void nucleation region is plotted in 
Fig. 4.16 as a function of friction coefficient for the applied normal contact stress po 
of 4k and 6k. The range of depth for void nucleation increases with increasing 
friction coefficient for both applied normal stresses, but the voids can nucleate 
deeper below the surface for a larger applied normal stress. It is interesting to 
observe that at po = 6k and zero friction coefficient (which applies to a case of pure 
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Figure 4.1 6 Depth of void nucleat ion regions versus friction coefficient, 
for two different maximum applied normal stress po = 4k and 
6 k. 
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friction coefficient voids do not nucleate since the stresses shakedown to an elastic 
state during steady state condition. 
The depth of the void nucleation region (arr 22k) is plotted in Figs. 4.17 and 
4.18 against the number of passes is required to reach the maximum arr at each 
depth, for different friction coefficients and po of 6k and 4k. At a given depth, a 
smaller number of passes is required for void nucleation at larger friction 
coefficients. It should be noted that voids can nucleate at the minimum depths only 
after I to 10 passes; and as the number of passes increases, the depth of void 
nucleat ion moves away from the surface. 
It should be pointed out here that addition of the interfacial normal stress at 
inclusions due to the cumulative plastic deformation and due to the state of stress 
violates the yield criterion. This violation occurs because for an elastic-perfectly 
plastic material or, cannot exceed the yield stress, i.e., fl k, and the solution may 
not be correct for qr >m k. However, i f  the voids nucleate when . 4r = e k ,  the 
stresses can relax and the yield criterion can be satisfied. The solution, however, does 
indicate the surface. This depth and the number of passes depend on the friction 
coefficient and the applied normal load. 
In the analysis of void nucleaion it was assumed that the hard particles are 
rigid. However, in real materials the particles have some elasticity, which would 
result in values of ;r smaller than the ones calculated by the above procedure. 
As it was pointed out at the beginning of this chapter the criterion for void 
nucleation from large particles may be a combination of a local shear strain and a 
local interfacial tensile stress criteria. In the above analysis it was assumed that the 
local stress criterion was sufficient. This assumption, however, may be a good 
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of elongated particles the local strain concentrations are large and void nucleation 
general ly occursby particle fracture. Therefore, as the particles become more 
elongated, the local shear strain criterion for void nucleaiton may become the 
dominating criterion. 
D. Discussion on Crack Pro~aaation 
Once the voids are nucleated from hard particles they wil l  become enlarged 
with repeated passes of the slider asperities. Furthermore, cracks can develop from 
these cavities either by void coalescence or by crack propagation between the voids. 
The process of void growth has been analyzed for pure shear,73 and void coalescence 
in hydrostatic tension has also been analyzed. 74-76 However, the analysis of this 
process during delamination wear seems complex and has not been done. 
When the subsurface cracks reach a certain length (by void coalescence or crack 
propagation between the voids), the stress intensity factor at the crack tip might 
become sufficiently large to propagate the cracks by some increment after each pass 
(similar to fatigue crack propagation). A study is being performed72 to analyze this 
process. It appears that a maximum stress intensity factor exists behind the contact 
and at a certain depth below the surface. This process may be responsible for crack 
propagation parallel to and below the surface, which was observed experimentally in 
the last chapter. 
E. A Comparison Between Void Nucleation and Crack Propagation 
In materials which contain hard second-phase particles or inclusions void nu- 
cleation and crack propagation must occur to  generate the wear sheets. Therefore, 
it is of primary importance to determine which one of these processes is the rate 
- 103 - 
controlling mechanism. Since the study of the process of crack propagation is not 
complete at this time, only a qualitative comparison based on experimental results 
can be made between void nucleation and crack propagation. 
The subsurface observations of the last chapter indicated that, in general, the 
number of subsurface voids is far larger than the number of cracks (e.g., Figs. 3.9 and 
3.12 to 3.14 for AlSl 1020 steel). This observation together with the result of the void 
nucleation analysis which showed that voids can nucleate even after one asperity 
pass, indicates that crack propagation may be slower than void nucleation in a 
material such as spheroidized AlSl 1020 steel. In order to check this conclusion the 
crack propagation rate is calculated below for two examples. Although the 
calculation is very approximate it can provide some insight into the process. 
The model in Fig. 4.19 is used to approximately determine the number of 
asperity passses required for wear sheet generation by crack propagation. The lower 
cylinder of diameter d (the specimen) is rotated at an angular speed of . The upper 
block is stationary and makes a contact with an apparent area of L x L. It is assumed 
that the specimen wears in layers with thickness h and width L, where h corresponds 
to the thickess of the wear sheets. If after R revolutions n layers wear off, the worn 
volume per revolution, V, is given by, 
If the contact length at each asperity junction is assumed to be equalt to a, the 
number of asperities per length of contact is Lla. This corresponds to the number of 
asperity passes per each revolution. Therefore, the total number of asperity passes 
required for removal of one layer of material is given by 
Figure 4.19 A model for a wearing specimen. 
Since the worn volume per revolution can be determined experimental ly, the number 
of revolutions for removal of one layer can be calculated from Equation (4.1 O), if the 
thickness of the sheets and the size of the contact, L, is known. Then the number of 
asperity passes for removal of one layer can be calculated from (4.1 I )  by assuming an 
asperity contact length. 
Example I : 
For an AlSl 1020 steel specimen of diameter 0.63 cm rotating against a 
52100 steel slider under a load of 2.25 kg in air, the wear rate is 2 x loo7 
3 cm /rev and friction coefficient is 0.5. I f  the apparent contact length L = 
0.2 cm and the asperity contact length is. assumed to be 10 x 1 o 4  cm, and 
-4 the wear sheet thickness h is 2 x 10 cm, 
asperity passes 
Example 2: 
For the same material as in Example I except tested in argon, the wear 
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3 rate is 7.5 x loo7 cm /rev and the friction coefficient is 0.85. I f  L = 0.4 
-4 -4 cm, h = 10 x 10 and a= 10 x 10 , 
asperity passes 
5 The above examples indicate that approximately 10 asperity passes is required 
for wear sheet generation. If only 10 of these passes is used for void nucleation, the 
4 rest, i.e., 10 passes, is  necessary for crack propagation. In Example I, i f  the length 
of the wear sheets is 40 pm, the crack growth rate per cycle, dc/dN becomes 
approximately I oo4 m/pass which is very small. Therefore, it can be concluded that 
in metals containing hard second-phase particles or inclusions the subsurface crack 
propagation process is the rate controlling mechanism. 
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V. THE CONTROLLING EFFECT OF MICROSTRUCTURE 
ON DELAMINATION WEAR 
The delamination theory of wear was discussed in the previous chapters and 
experimental evidence supporting the delamination mechanisms was presented. It 
was shown that subsurface crack nucleation and propagation occurs more readily in 
the materials containing hard second phase particles or inclusions. In most com- 
mercial metals, addition of second phase or inclusions strengthens the material. The 
higher strength may result in a lower rate of crock nucleation and propagation 
because of reduced subsurface deformat ion. Therefore, the study presented in this 
chapter was undertaken to determine explicitly the influence of microstructure (i.e., 
number and morphology of hard second phase particles or inclusions) on the sliding 
wear of metals. 
Iron solid solutions (containing inclusions) and low carbon steels (containing 
different amounts of carbon) were chosen for the study. The inclusions in iron solid 
solutions and the iron-carbide particles in steels served as void nucleation sites, and 
at the same time strengthened the mateials. In order to show the separate effect of 
hardness and the inclusions, the experimental result obtained by ~ e i x e i r a ~ ~  nd Saka 
and suh7* on the wear behavior of solid solutions and internally oxidized metals is 
reviewed. 
A. The Effect of Hardness on Wear 
In order to isolate the effect of hardness from the effect of inclusions on wear, 
~ e i x e i r a ~ ~  prepared and tested copper-tin sol id solutions. Specimens with four 
different tin concentrations were prepared to be free of second phase or inclusion 
particles. Increasing the tin content from 0 to 6 at. % increased the hardness of the 
material linearly. The steady state wear rate of these materials is shown in Fig. 5.1 
as a with the hardness. This dependence was expected because a material with higher 
tion and propagation. Since the friction coefficient was not constant in these tests 
and decreased from 1.0 to 0.75 when tin content was increased from 0 to 6 at. %, 
the reduction of wear in Fig. 4.1 may be partial ly due to the reduced friction. 
8. The Effect of Inclusions on Wear 
In order to study the effect of inclusions on wear, internally oxidized copper- 
chromium and copper-silicon alloys were used by Saka and suhO7* The hardness of 
these alloys increased with increasing the oxide content (CrZ03 and Si02) as observed 
in Fig. 5.20. Wear resistance (inverse of the wear coefficient) of these materials is 
plotted versus the volume percent of oxide in Fig. 5.2b. The wear resistance 
decreases as the number of oxide particles is increased, even though the hardness is 
increased. It should be emphasized here that in this class of metals the bond between 
the particles and the matrix is very weak and void nucleation occurs readily. 
Therefore, by increasing the oxide content, the number of void nucleation sites is 
increased, which increases the wear rate. 
The results presented here confirm the predictions of the delamination theory 
that by increasing the number of inclusions the wear rate increases, provided that the 
hardness (flow stress) of the materials is not increased by a large amount. Ac- 
cordingly, when only the hardness is increased, the wear rate decreases as was shown 
for copper solid solutions. These two alloy systems are very specialized and were 
selected to show the separate effect of hardness and inclusion content on sliding 
wear. In most commercial metals, however, these two effects are present 

0 OFHC Coppe r  
8 C u -  170 ppm 0 
A C u - C r 2 0 3  
C u - S i 0 2  
VOLUME PERCENT OXIDE 
Figure 5.2 a. Hardness of dispersion hardened copper al loys versus 
the volume percent of oxide particles (Ref. 78). 
0 OFHC Copper 
@ Cu - 170 ppm 0 
2 4 6 8 
VOLUME PERCENT OXIDE 
Figure 5.2 b. Wear resistance of dispersion hardend copper 















































































































































































































































































































































































































































































































































































































































































































C. The Combined Effect of Hardness and Hard Particles on Wear 
-- - 
In order to investigate the combined effect of hardness and inclusions on wear, 
high purity iron, iron-ruthenium and iron-molybdenum solid solutions and AlSl 10 18, 
1045 and 1095 steels were used in this investigation. The iron solid solutions had a 
number of inclusions of I to 2.5~ m in diameter. The heat treatment and the 
metallurgical variables of these metals are listed in Table 5. I. 
The volume fraction f and the particle size d of the inclusions in iron solid 
solutions were determined by using approximately 2,000 points of intersection on 4 
micrographs of each sample. The volume fraction of cementite in steels were 
determined from the stoichiometric relation. These were then used to determine the 
mean free path A by the relation: 79 
The steels were heat treated to have three types of carbide structure. AlSl 
1018 steel was tested in the spheroidized and pearlitic conditions, AlSl 1045 was 
tested after spheroidization and AlSl 1095 was tested in the spheroidized, pearlitic, 
and bainit ic conditions. The heat treatment was also varied to obtain fine and coarse 
structures. 
The wear tests were conducted for different sliding distances in order to find 
the steady state wear coefficient for each material. Table 5.1 lists the wear co- 
eff  icients and the friction coefficients for the mateials tested. The table indicates 
that the wear coefficients for iron solid solutions increase with increasing volume 
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fraction of inclusions. This is more evident from Fig. 5.30 which plots the wear 
resistance versus the volume fraction of inclusions and hard second phase particles 
for iron and spheroidized steels. Wear resistance decreases with increasing volume 
fraction of particles down to a minimum value of wear resistance at 0.07 volume 
fraction. Beyond this value, wear resistance increases with the volume fraction. 
At  low volume fractions the wear resistance decreases with increasing volume 
fraction because the increase in the number of inclusions or second phase particles 
increases the rate of crack nucleation and propagation. At higher volume fractions, 
however, wear resistance increases with increasing the number of particles. This is 
possible due to the increased flow stress of the material which allows less plastic 
deformation and thus reduces the rate of void formation and delamination. 
The wear resistance may also depend on the mean free path (Fig. 5.3b). A 
similar relationship has been reported for the fracture of steels in torsion tests. 80 
However, it is difficult to separate the effect of the mean free path from the volume 
fraction, since they are not independent when the particle size is kept nearly 
constant. The wear behavior may depend on both the volume fraction and the mean 
free path, if the volume fraction controls the subsurface void and crack nucleation 
and if the mean free path controls the rate of crack extension between the voids 
around the particles. Theoretical analysis by ~cc l in tock*  has shown that uniaxial 
fracture strain depends on the logarithm of interparticle spacing, other variables 
remaining constant. 
D. The Effect of Second Phase Particle Morphology on Wear 
The wear coefficients which are listed in Table 5.1 for steels indicate that the 
wear behavior depends on the morphology of the second phase particles. Among the 
various structures studied for AlSl 1095 steel, coarse pearlite and bainite had the 

lowest and the highest wear coefficients respectivity. It was also found that the 
spheroidized steels had larger wear coefficients than pearlitic steels. 
The wear rate depends on the morphology of second phase particles because the 
mode of void formation is controlled by the shape of the particles. It was shown in 
Chapter l l I that voids nucleate around equiaxed particles by matrix-particle 
separation. However, for the case of plate-like particles such as pearlite steel, 
subsurface voids can nucleate by particle fracture as observed in Fig. 5.40. 
Due to the presence of a large hydrostatic component of stress below the con- 
tact, some of the brittle Fe C particles can deform plastically rather than fracture. 3 
The extensive deformation of these particles is observed in Fig. 5.4b. The deforma- 
tion and the change of orientation of these plates may make them less favorable for 
crack nucleation and thus reduce the wear rate of pearlitic steels as compared to 
spheroidized steels. 
Em A Comparison of the Effects of Microstructure on Wear and on Ductility 
The relationship which exists between the wear resistance and volume fraction 
(Fig. 5.2 and at low volume fractions in Fig. 5.3) is similar to the fracture strain 
versus volume fraction curves obtained for fracture in uniaxial tension or torsion 
testing. 809 82 This similarity is not surprising because the mechanism of void and 
crack formation in delamination and in tensile or torsional fracture are similar even 
though the states of stress and strain are quite different. In both of these cases 
cracks are nucleated at the inclusions or second phase particles, and lowering the 
volume fraction of particles increases both the ductility and the wear resistance. 
The similarity discussed above indicates that a relationship between uniaxial 
tension ductility and wear resistance exists. Therefore, it may be assumed that any 
Figure 5.4 Subsurface of AlSl 1095 pearlitic steel (Test No. 44). 
a. Void formation by pearli te fracture.  
b. Deformation of pearli te plates. 
metallurgical parameter which affects ductility will also have an influence on the 
wear resistance. Particle size, spacing (and hence volume fraction) of particles, and 
coherency of particles with the matrix are the most important metallurgical variables 
affecting ductility. The degree of coherence (i.e., the matrix-particle bond strength) 
is an important variable- in void nucleation. It has been shown 639 64 that by slight 
alloy addition the matrix-particle interface can be strengthened and the ductility can 
be increased. Coherence of particles with the matrix increases as the particle size is 
decreased. Therefore, void nucleation and wear in metals containing second phase 
particles can be decreased by either alloying to strengthen the bond or by decreasing 
the size of the particles to increase coherency. Also, as discussed in the last chapter, 
0 
void nucleation may not be possible for very small particles (less than 250 A) due to 
the lack of sufficient elastic strain energy. 
The next improtant parameter influencing ductility is the particle size. Theo- 
retical analysis by ~ s h b ~ ' ~  and u r  land83 indicate that ductility increases as particle 
size is decreased. Experimental results obtained for internal ly oxidized metals 84 
support these theoretical analyses; whereas the results obtained for spheroidized 
steels8' are contrary to the theories. This is perhaps due to the complete lack of 
coherency (presence of a bond strength) in the internally oxidized metals as compared 
with some coherency in steels. 
The particle morphology has been found to influence the fracture behavior 
under uniaxial and torsional loading conditions opposite to the way it affects the wear 
behavior. Rosenfield et a1.8~ and Lemmon and sherby80 have reported a better 
ductility for spheroidized steels than pearlitic steels, because the pearlite plates 
fracture preferentially at lower strains than that required for crack formation in the 
spheroidized steels. This may be reversed under sliding conditions because of the 
presence of the large hydrostatic compression very close to the surface. It was 
observed (Fig. 5.4b) that many of the pearlite plates behave plastically under the 
large hydrostatic compression, and deform rather than fracture. Therefore, the 
subsurface crack formation by pearlite fracture may be retarded under sliding 
conditions, resulting in a lower wear coefficient. 
Fa Discussion on the Effect of Other Microstructural Parameters 
In the preceding sections of this chapter the influence of such microstructural 
parameters as the hardness (resistance to deformation) and the number and 
morphology of hard particles (void nucleation sites) were considered. However, the 
deformation characteristics of the matrix material has a role in determining the 
ductility of the material. Such metallurgical parameters as the grain size and the 
crystalline structure affect the deformation and fracture behavior of metals. The 
influence of these factors on ductility and wear is discussed below. 
It is a very well documented fact that the yield stress and the fracture strength 
of metals is inversely proportional to the square root of the grain size. Therefore, 
under sliding conditions a material with a smaller grain size should be superior to a 
larger grained metal due to the increased resistance in deformation and crack 
propagation. Ultrafine grain size, however, could cause loss of ductility in alloys with 
a high tendency towards grain boundary segregation of alloying elements or formation 
of second phase particles. In this respect, the effects of grain size control of metals 
for sliding applications has to be carefully analyzed for each alloy system. 
The crystalline structure of metals controls the deformation and fracture 
behavior through localization or distribution of plastic deformation. It has been 
shown that localization of plastic deformation decreases the duct i l i  ty4* by intense 
plastic deformation at the localized areas or by activation of cleavage systems. The 
metallurgical parameters which control the localization of plastic deformation are 
the number of primary slip systems, the stacking fault energy and the strain 
hardening coefficient. Metals with a large number of slip systems, a high stacking 
fault energy or a large strain hardening coefficient are more ductile. Plastic 
deformation in these cases is distributed by multiple slip, cross-sl ip or strain 
hardening, respectively. Distribution of plastic deformation could be the major 
mechanism for high ductility and low wear rates associated with f.c.c. metals as 
compared with b.c.c. metals, since the former have a large strain hardening rate. 
Solid solution alloying can influence the deformation behavior in a number of 
ways. Al loying elements wi l l decrease the stacking fault energy which decreases the 
tendency for cross-slip and lowers the ductility. On the other hand, alloying increases 
the friction stress which will increase the flow stress of the metal. Therefore, i f  a 
large strengthening can be obtained at the expense of smal l loss of ductility, al loying 
would be beneficial for metals under sliding condition. This is perhaps the case for 
copper-tin solid solutions tested by ~ e i x e i r a . ~ ~  Alloying could alter ductility also by 
control ling the particle-matrix adhesion, the grain size, strain hardening rate, etc. 
The experimental results and the discussion in this chapter clearly show that the 
microstructure of metals has a pronounced influence on the wear behavior. Due to 
the importance of this phenomenon in design or selection of metals, for sliding 
application, the effect of microstructure on wear must be explored in a greater detail 
in the future. 
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VI. SURFACE ROUGHNESS AND INTEGRITY EFFECTS ON SLIDING WEAR 
It was shown in Chapter Ill that, at the initiation of sliding, wear occurs by 
deformation and fracture of the surface asperities; and after all original surface 
asperities are removed, steady state wear by delamination takes place. It was also 
discussed that initial wear rate would be raised if the surface or subsurface is 
damoged during surface preparation. The effects of surface roughness and subsurface 
damage on wear is investigated in this chapter. It is shown that surface roughness 
affects only the initial wear rate and not the steady state delamination wear rate. 
The results indicate that the type of surface preparation method and its variables are 
important parameters in specifying surfaces for sliding applications. 
A. Review of Previous Investigations 
The wear behavior at the initiation of sliding interaction, before a steady state 
condition is reached, is referred to as the run-in phenomenon. According to the 
delamination theory of wear, the primary wear mechanism during this transient stage 
is plastic deformation and fracture of original machining marks. Queener et al. 87 
have shown that in fact run-in wear depends on the oringinal surface roughness, when 
wear tests were conducted under lubricated conditions. Rowe et al. 889 89 have shown 
that run-in also occurs in dry wear testing and that the sliding surfaces become 
smoother during running-in. However, when the steady state wear is reached, the 
surfaces become very rough. These observations are all consistent with the 
mechanisms of the delamination theory, as discussed in Chapter I I I. 
The initial wear behavior, or run-in, should also depend on other surface char- 
acteristics such as surface integrity. The term surface integrity has been recently 
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defined9' as characterization of the state of surfoce and the near surface material. 
This character izaiton can include deformat ion, voids and cracks, phase transforma- 
tions, and residual stress, all of which may be generated by the surface preparation 
methods. 
Studies by Scott et  ale9' and ~ l l e n ~ ~  have indicated the important effect of 
surface integrity on the life of ball bearings. Despite the significant role of surface 
roughness and integrity in sliding wear a basic and systematic investigation on this 
phenomenon had not been performed. 
B o  Ex~erimen tal Procedure 
Wear tests were carried out on a lathe using a cylinder on cylinder testing 
geometry. The 0.6 cm diameter specimens were rotated at a surface speed of 1.8 
m/min and the stationary AlSl 52100 pins (0.6 cm in diameter) were pushed against 
the specimens by normal loads of 0.106 and 0.850 kg. A series of tests were carried 
out by manually moving the slider parallel to the axis of the specimen. This was 
performed under a load of 0.907 kg for 10 passes. The tests were run under argon 
flowing at a rate of 10 a/min into a chamber surrounding the contacting surfaces. All 
tests were run dry and at room temperature. 
The material tested was commercial cold-rolled A M  1018 steel (hardness 84 
2 2 kg/mm ) and 70/30 brass (hardness 46 kg/mm ). A variety of surface finishes were 
generated by turning. The surface finishes ranged from 1.2 to 10.4 vm (CLA). They 
were generated by turning at 319 rpm with a 0.13 mm depth of cut at various feed 
rates. Some specimens were prepared with cutting tools having a range of positive 
and negative rake angles to study the effect of subsurface damage generated by 
machining. Another series of specimens were prepared by orthogonal turning, lubri- 
cated with lard oil, using tools with positive and negative rake angles. 
C. The Effect of Surface Roughness 
The process of asperity deformation during the initial stages of sliding is shown 
in Fig. 6. I. The sliding direction was perpendicular to the machining marks in Fig. 
6.la and parallel in Fig. 6.1 b. It can easily be seen that the wear track on the rough 
surface (i.e., 3.4. vm CLA) has become smooth and there is no evidence of adhesive or 
transferred particles. 
The results of wear tests on samples with varying roughness and normal loads 
are presented in Fig. 6.2. Under a load of 0.850 kg (Fig. 6.2a), the rough surfaces 
have a slightly larger total weight loss than the smoother surface. The small 
difference in weight loss is probably due to the large weight of the original asperities 
of the rougher surfaces. However, once the asperities are removed and steady state 
delamination is reached, the wear rate of all surfaces is the same. 
Figure 6.2b shows that under 0.106 kg normal load, the smoother surface has a 
greater total weight loss than the rough surface. However, the steady state delam- 
ination rate of both surfaces is the same. The difference in wear is  due to the 
difference in the time delay before the onset of delamination. The 1.2 v m CLA 
surface started delamination after 9 m of sliding, where delamination of the 2.7 vm 
CLA surface began after 32 m of sliding. This was not observed under large loads 
because the contact stress was sufficient to remove the original asperities and 
initiate delamination almost immediately. 
In order to verify that these results were not limited to the cylinderon-cylinder 
geometry, a series of tests were performed on a pin on disk machine. The tests were 
conducted in argon gas. AlSl 52100 steel was used as the stationary slider and the 
Figure 6.1 Plastic deformation of original asperities for AlSl 10 18 steel 
(cy l inder-on-cy l inder). 
a. Sliding perpendicular to the machining marks, 2.C pm 
(CLA) surface finish, under a normal load of 0.91 kg 
after I 0 passes. 
b. Sliding parallel to the machining marks, 3.3p m (CLA) 
surface finish, under a normal load of 0.35 kg after 0.25 
m of sliding. 
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AlSl 1018 Steel 
0 2.1 pm ( C L A )  
A 6.0pm ( C L A )  
7 .8pm (CLA)  - 
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SLIDING DISTANCE ( m )  
Figure 6.2 The effect of original roughness of machined surfaces on 
weight loss. 
a. Normal load of 0.850 kg. 

f lat specimens were rotated to give an average surface speed of 4.7 m/min at the 
wear track. The results of these tests are presented in Fig. 6.3. The similarity 
between this figure and Fig. 6.2 should be noted. 
These tests show that the surface roughness does not affect the steady state 
wear rate, but only influences the initial wear behavior of machined surfaces. The 
fact that the rough surfaces under low loads have smaller wear than smooth surfaces 
has interesting practical implications in the design and preparation of sliding sur- 
faces. These results suggest that rough sliding surfaces under low contact stresses 
will last longer than smoother surfaces. Furthermore, under normal sliding conditions 
where lubricants are used, the rough surfaces will also retain the lubricant and the 
wear behavior may be improved even further. 
It should be emphasized that the rough surface is better than the smooth sur- 
face under light loads only if there is no subsurface damage (generated by 
machining). Otherwise, the large asperities delaminated catastrophically and produce 
large wear particles which could then cause abrasive wear of the sliding components. 
This was observed when specimens generated by a worn tool were wear tested under a 
low (0.75 kg) normal loads. In these specimens the wear data was scattered and the 
delayed delamination associated with rough surfaces was not observed. 
D. The Effect of Surface Integrity 
According to the delamination theory, steady state sliding wear of metals 
occurs by subsurface deformation and void and crack nucleation and propagation. 
Therefore, i f  the prepared surface contains any surface or subsurface damage (i.e., 
deformation, voids, and cracks), one would expect larger initial wear rates. This is 
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A l S l  1018 Stool 
V As Drown - 
V Polishod 
0 1 0  2 0  30 
SLIDING DISTANCE (m) 
Figure 6.4 The effect of surface damage on wear of 1 0 1 8 steel under a 
normal load of 0.85 kg. 
weight loss of the as-drawn surface is higher because of the surface damage gen- 
erated during drawing, shown in Fig. 6.5a. (The as-drawn surface was lightly polished 
with a 410 emery paper to remove the surface oxides.) The polished surface was 
prepared by polishing off 0.06 mm with NO. 2 emery paper and a final polish with a 
410 emery paper. This process generated a relatively damage-free surface as ob- 
served in Fig. 6.Sb, leading to a lower weight loss than for the as-drawn specimen. 
The effect of subsurface damage generated by machining on wear is shown in 
Fig. 6.6. The two series of specimens were machined using a sharp and a chipped 
cutting tool, shown in Fig. 6.7. The chipped tool was stil l capable of producing fine 
surface finishes, and from a machinist's point of view it was still useful. The dif- 
ference in the initial weight loss of the two series of specimens is due to the larger 
subsurface damage generated by the chipped tool ( I0 vm deep) as compared to that of 
the sharp tool (2 p m deep), observed in Fig. 6.80 and 6.8b, respectively. It is 
interesting to note that the subsurface deformation caused by the chipped tool was 
sufficient to generate wear sheets (Fig. 6.9) on the machined surface. 
Machined surfaces could also contain subsurface damage i f  machining para- 
meters such as cutting rake angle, cutting radius or depth of cut are not selected 
appropriately. Tur ley 939 94 has shown that the depth and the degree of deformation 
in 70130 brass increases as the rake angle decreases. At large negative rake angles 
the tool does not cut, but rather slides over the surface causing plowing and sub- 
surface deformation. The depth of deformation also increases with the depth of cut 
and the cutting radius. 
Fig. 6.10 shows the wear of steel specimens prepared with three different tools 
(40' rake; 8O rake; and 1.3 mm honed radius, 40' rake). The figure shows that all 
specimens have the same weight loss. This is probably due to the fact that all the 
Figure 6.5 Sections perpendicular to the surface showing typical micro- 
structure of 10 18 steel. 
a. As drawn. 
b. After polishing. 
I I 
N o r m a l  Load = 0.850 Kg 
- 
Chipped C u t t i n g  
- 
- - 
Sharp C u t t i n g  
- 
AlSl 1018 Stee l  
0 1.4 pm (CLA)  
A 4.8  pm ( C L A )  
2.1 pm (CLA)- 
(Ir 6.0 p m  ( C L A )  
4 7.8 Am (CLA) 
I 
10 2 0  
SLIDING DISTANCE ( m )  
Figure 6.6 The effect of subsurface machining damage on wear of 1 0 1 8 
steel. 
Figure 6.7 SEM micrographs of the rake face of 
a. Chipped cutting tool. 
b. Sharp cutting tool. 
Figure 6.8 Sections perpendicular to the surface, showing typical sub- 
surface damage of 10 18 steel. 
a. Machined with a chipped tool, 4.8 p m (CLA). 
b. Machined with a sharp tool, 6.0 pm (CLA). 
Figure 6.9 Wear sheets on the machined surface of a 3.3 urn (CLA) 
surface finish, prepared with the chipped cutting tool. 
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Figure 6.10 Wear of 10 18 steel under a normal load of 0.85 kg, speci- 
mens machined with three different cutting tools. 
tools had positive rake angle; and since steel is  much harder than brass the damage 
caused by machining with different cutting tools might have not been sufficient to 
affect the wear behavior. Therefore, 70130 brass specimens were prepared by 
orthogonal turning with +2s0, +So and -15' rake angles. The results of the wear tests 
on the brass indicated that there was not a large difference between the wear rates 
of the samples cut with positive and negative rake angle tools. Subsurface 
observations of the machined surfaces showed that the depth of deformation was 25 
v rn for the + 25' tool and 30-pm for the - 15' tool. Since this difference was not 
large it did not lead to a substantantial difference in the wear rate of the samples. 
The depth of deformed layers reported by Turley ranged from 600 p m for a 
+ 25' tool m tool to 900 p m for a - 15' tool. In the presence of such a difference in 
the deformed regions generated by the two tools, one should expect to observe a large 
difference in the initial wear rates. However, since the degree of machining damage 
in the brass samples of this investigation were not much different, no difference in 
the wear behavior was observed. 
The deformation depth in brass observed by Turley was much more than the 
deformation depthreported here, probably because of the difference in the machining 
operat ion. Tur ley's specimens were prepared by planing; whereas the specimens 
tested at MIT were prepared by turning. This indicates that the choice of machining 
operation and machine tools may be an important factor in preparation of surfaces 
for sliding applications, since each type of machining generates a different types of 
damage in the finished product. 
E. Discussion on Surface Roughness and Integrity 
The results presented in this chapter substantiates the predictions of the de- 
lamination theory in regard to surface roughness and integrity. The significance of 
this chapter is not only in the verification of the delamination theory but also in the 
practical implications of the results. It was shown that specification of surface 
roughness alone is not sufficient; the surface integrity, surface preparation method, 
and machining variables must also be properly specified for sliding surfaces. 
A recent investigationy5 has shown that burnishing, which is the final surface 
preparation procedure in some applications, decreases the initial wear rate of sliding 
surfaces. In burnishing the original machining marks are deformed and fractured and 
some of the surface damage is removed. This process is  very similar to running-in of 
surfaces. Since the steady state wear rate is smaller than the transient wear rate, 
the burnished surface will have a lower wear rate (provided that burnishing conditions 
are selected such that subsurface void formation is prevented). In fact, i f  burnishing 
is done under a large load, the resulting surface will be rougher than the original 
surfacey5 probably due to sliding wear by delamiantion. 
The topography of a surface is generally characterized by both surface rough- 
ness and surface waviness. Surface roughness is the short range deviation of a sur- 
face profile from an average profile, whereas the waviness is the long-range devia- 
tion. The investigation in this chapter considered only the influence of surface rough- 
nesss on wear. It should be mentioned here that surface waviness also has a large 
influence on the wear behavior. It has been shown in a recent paper96 that surface 
waviness can increase the local friction force at the contacts which could lead to 
seizure. 
The surface integrity considered in this chapter was limited to surface and 
subsurface damage caused by deformation and void and crack deformation. However, 
in general, machining can damage the surface and the subsurface by generating 
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microstructural defects (i.e., deformation, voids and cracks), mechanical changes 
(i.e., residual stress) and metallurgical changes (i.e., phase transformat ion). Based on 
the results presented here it can be concluded that microst~ctural defects decrease 
the wear life of a machine surface. However, the effect of mechanical and metal- 
lurgical changes on wear have not been investigated; they will be discussed here in 
terms of the delamination theory of wear. 
It has been shown 97-98 that in grinding and orthogonal turning surface integrity 
depends on such machining conditions as the speed, cutting fluid, type of the grinding 
wheel, and the size of the wear land. Cutting with sharp tools and at moderate 
speeds produces only a very small subsurface damage whereas cutting with a worn 
tool or at high speeds degrades the surface integrity?9 Since phase transformation 
near the surface depends on the temperature generated during machining, which in 
turn depends on the cutting speed, three distinct behaviors can be observed in turning 
high strength steels. Low speed cutting with a worn tool primarily causes microstruc- 
tural defects and does not cause any observable metallurgical changes. Machining at 
moderate speeds with a worn tool, generates a surface layer softer than the bulk 
(probably wertempered martensite). However, machining at higher speeds with a 
worn tool generates a harder surface, but a softer subsurface. The hard surface layer 
is generated by the high rate of heating and cooling near the surface which produces 
untempered martensite. The softer subsurface is overtempered martensite. Simi lor 
metallurgical changes have also been observed for ground surfaces. 96 
It is conceivable that the microstructural defects generated by the above 
machining procedures would lead to larger initial wear of the surface. However, i f  no 
subsurface cracks are nucleated but the surface becomes harder or softer prediction 
of the wear behavior becomes more difficult. A harder surface may resist deforma- 
8 
tion and delamination; but if any large wear particles are generated, abrasive wear 
will be the controlling mechanism and wear will be accelerated. A softer surface, 
may have a lower friction coefficient, but it is less resistant to deformation, abrasion 
and plowing. It was shown in Chapter V that wear behavior cannot be predicted based 
on the hardness alone, and the microstructure must also be considered. Since at this 
time no information is available on the wear behavior of untempered or overtempered 
martensite, the effect of near surface phase transformation on wear of steel cannot 
be resolved. 
Machining also alters the mechanical state of the surface layer by introducing 
residual stresses. The nature of the residual stress depends on the type of machining 
and the parameters. It has been found that grinding at low speeds and small depth of 
cut produces a compressive residual stress, whereas grinding at higher speeds and 
98 larger depth of cut produces a tensile residual stress at the surface. In turning, 
however, the near surface residual stresses are always tensile, and the depth and 
magnitude increases with the size of the wear land.99 A large tensile residual stress 
can be detrimental in such applications as fatigue and sliding, since crack nucleation 
and propagation could occur more readily. A compressive residual stress, on the 
other hand, can be beneficial if no subsurface geometric defects (voids and cracks) 
have been generated during machining. 
The dove  discussion and the result of tests in this chapter indicates that sur- 
face roughness and integrity are important parameters in the wear behavior of 
machined surfaces. In the past, the effect of surface roughness on friction and wear 
has been realized; but it has been over-emphasized. Although, production and char- 
acterization of fine surface finishes are very improtant in such applications as inte- 
grated circuits and optics, the high cost of manufacturing very smooth surfaces 
cannot be justified for most t ribolog ical applications. Indeed, a very smooth surface 
can be detrimental. Moreover, it was shown here that for some applications surface 
integrity may play a more important role than surface roughness. Therefore, it seems 
highly desirable to re-evaluate the surface characterization methods and to conduct 
further systematic investigations on the effect of surface roughness and integrity on 
sliding wear of machined surfaces. 
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VII. WEAR RESISTANCE OF METALLIC COATED SURFACES 
The preceding chapters verified that steady state wear of metals occurs by 
subsurface deformation, void nucleation and crack propagation in accordance with the 
predictions of the delamination theory of wear. It was shown in Chapter V that by 
increasing the hardness or decreasing the number of inclusion particles or hard second 
phase particles, wear rate can be reduced. Therefore, the best material for sliding 
situations is a single phase material with no inclusions and a high flow stress, or a 
composite material (containing second phase, inclusions, etc.) with a high flow stress 
and a strong bond between the matrix and the particles. However, the production of 
such materials will be costly and may not be economical for many ordinary 
applications. 
It is apparent from previous discussions that the wear rate will decrease i f  the 
subsurface deformat ion is reduced. The subsurface deformat ion can be reduced by 
decreasing the surface tractions. This can be done by plating the surface with a soft 
metal. The benefit of the soft plating is twofold: first, the soft metal reduces the 
tangential loads and the subsurface deformation; secondly, the soft metal layer alters 
the subsurface deformation pattern such that the substrate deformation will be less 
than the deformation in a corresponding unplated material. 
The purpose of this chapter is to show that in fact soft metallic coatings reduce 
wear by many orders of magnitude i f  they have an optimum thickness and are bonded 
strongly to the substrate. The controlling effect of plate thickness, type of plating 
material, substrate surface condition prior to plating, and the wear testing 
environment are discussed. The wear behavior of the coatings is explained in terms 
of the delamination theory of wear. 
A. Review of Earlier Work on Coated Metal Surfaces 
Soft metallic coatings have been used quite extensively in the past to reduce 
friction and wear of such components as gears, bearings and electrical contacts. 
However, the friction and wear reduction mechanism and the important parameters 
such as the plate thickness and the coating-substrate bond strength were not fully 
explained. Previous attempts have been made by others to find the effect on wear of 
soft metallic coating thickness, but the results were insufficient and inadequate. 
Tsuya and Takagi loo electroplated one of their copper sliding surfaces with 6 to 
2 75 p m thick lead layers. They found that under a stress of 10 kg/cm , in air, the lead 
fi lm was subjected to wear until a stable 2 pm thick layer remained on the surface. 
Some of this lead was transferred to the unplated copper surface and formed a stable 
f i lm of 2 p m thick. The wear tracks of these samples were very smooth, with fine 
parallel lines in the sliding direction. This investigation was extended by takagi and 
~ i u l ' l  to AlSl 440C stainless steel and AlSl 52100 steel with 0.1 :,urn of gold 
electrodeposited on one of the sliding surfacer The best results occurred for the 
440C stainless steel sliding on 0. I pm gold plated 52100 steel or 440C stainless steel. 
However, the wear was reduced only by a factor of 2 to 3. Takagi and Liu 102 
extended this investigation by considering electroplating of two gold alloys, silver, 
copper, or nickel on 52100 and 440C steels. In these tests only the rotating surface 
was plated and the normal load used was 60 kg. They found that a 20 p m thick copper 
or silver plate on 52 100 steel was needed for wear rate reduction. The thicker 
coating required in this series of tests was attributed to Takaigi and Liu to the higher 
normal load, but it will be shown later that the optimum thickness of the plate does 
not depend on the normal load. Therefore, the thicker coat which was required in the 
tests conducted by Takagi and Liu may be due to the fact that only one surface was 
plated, resulting in abrasive wear of the coating. 
Solomon and ~ n t l e r l ' ~  investigated the effect of load and thickness of gold, 
silver-gold and nickel-gold alloys electroplated on both sliding copper surfaces. They 
found that beyond a critical thickness (depending on the coating and the substrate 
material) resistance to wear increased dramatical ly. These results were improved i f  
a very thin nickel plate was used on copper before the gold and gold alloy elec- 
trodeposition. It may be speculated that the hard nickel layer reduced the subsurface 
deformation of copper. 
Kuczkowski and Buckleylo4 coated nickel and 440C stainless steel with 25 um 
of various binary and ternary alloys of tin, gallium and indium. A ternary alloy of 
gallium, indium, and tin reduced the wear rate of 440C stainless steel in vacuum by 
four orders of magnitude. The wear rate of nickel was reduced by the same amount 
when the surface was coated with a binary alloy of gallium and indium. However, 
they did not investigate the influence of the plating thickness on the wear rate. 
The idea of electroplating the sliding surfaces with precious metals has been 
applied to ball bearings ' 05-109 and gears log, lo operated in a vacuum. Even though 
the life was increased in these qplications, the components stil l exhibited a high 
degree of wear. This is probably due to the thick (30 to 75 u m) coatings used. 
~abinowiczl ' made an attempt to investigate the influence of plating thick- 
ness on friction and wear of plated surfaces. The coatings used by Rabinowicz were 
lead and indium on copper, steel, and nickel specimens. However, due to poor 
adhesion at the coating-substrate interface, the experimental data was very scattered 
and no definite conclusions could be drawn. 
B. Application of the Delamination Theory of Wear to a 
Coated Metal Surface 
The critical nature of the plating thickness can be explained and predicted by 
the delamination theory of wear. It was discussed in Section E, Chapter Ill, that a 
soft low dislocation-density zone exists at the outer surface of the wear track due to 
the image dislocation force associated with the free surface. The direction of the 
image force is such that the dislocations in a layer of the material are attracted 
toward and escape through the free surface. However, below the zone, the 
dislocaitons pi le up and entangle leading to strain-hardening. 
Therefore, i f  the surface is plated with a soft metal of thickness smaller than 
the depth of the low dislocation region, the plate will remain soft and wil l  not strain- 
harden, because the dislocations generated in the plate will escape through the free 
surface. On the contrary, if the plate is thicker than this critical value dislocations 
can accumulate in the plate and lead to strain-hardening and wear of the plate by 
delamination. A surface coated with the optimum thickness of a suitable soft metal 
would exhibit lower wear since the plate does not wear by delamination, and the low 
tangential force provided by the plate reduces the amount of substrate deformation 
and consequent delamination. 
C. Experimental Procedure 
In order to check the prediction of the delamination theory on the effect of 
plating thickness and to investigate the effect of such factors as the type of plating 
material and its bond strength to the substrate, wear tests were performed on a 
cy linder-on-cy linder geometry with various types of coatings and substrates. The 
specimens were rotated at a surface speed of 1.8 m/min and the stationary pins were 
pushed against the specimens by a normal load of 2.25 kg. The wear tests were 
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carried out dry, both in air and in argon. Some tests were also conducted under 
boundary lubrication in air. Gulftex 39 or a pure mineral oil (Nujol) was gravity-fed 
to the contact at a steady rate. Al l  tests were performed at room temperature. 
The substrate materials used had a variety of hardnesses: AlSl 1018 (84 
kg/mm2), AlSl 1095 (1 70 kg/mm2) and AlSl4140 (270, 370 and 460 kg/mm2 - obtained 
by different heat treatments). In all cases the sliders were made of the same 
material as the specimen, heat treated, and plated in the same fashion. The plating 
thickness varied from 0.05 to 10 pm. The platings tested were gold, gold over a 
nickel flash, cadmium, nickel, and silver. Some of the gold plated specimens were 
plated with a flash of gold first and were then heated at 500' C for 2 hours in vacuum 
to obtain a diffused bonding between the plate and the substrate. Then the required 
thickness of gold was plated on the samples. 
Selected wear tracks were observed with the scanning electron microscope. 
Some of the specimens were subsequently sectioned parallel to the wear track, metal- 
lographically polished and etched to reveal the structure below the wear tracks. The 
subsurface was then examined with the scanning electron microscope. 
The wear rate of I p m coatings of cadmium, silver, gold and nickel, on various 
types of steels for tests in argon is summarized in Table 7.1. The wear rates of all 
2 coatings, with the exception of Ni on the softer steels (hardness < 460 kg/mm ) were 
lower than the wear rates of unplated materials by at least three orders of 
magnitude. It should be mentioned that larger wear rate reductions are possible since 
the tests were discontinued after 60 minutes while the plates were stil l effective in 










































































































































































































































































































Figure 7.1 Comparison between wear tracks of AlSl 4 140 steel, tested 
in argon, 2.25 kg normal load, 
a. Unplated against unplated (after 30 minutes of 
testing). 
b. 1.0 m Ni plated against 1.0 pm Ni plated (after 2 hours 
of testing! 
should have been continued to coating failure. For example, a IOU m Ni plate on 4140 
2 steel (with a hardness of 460 kg/mm ) was stil l effective in wear reduction after 2 
hours of testing. 
In order to make sure that low wear rates associated with the coatings were not 
limited to the experimental geometry employed in these tests, a series of annular 
wear tests were conducted in argon using Cd plated 1020 steel specimens. An annular 
2 specimen of 2.5 cm OD, having 5.3 cm contact area, was pressed under a load of 
22.5 kg on another annular sample rotating at 60 RPM for 15 minutes, The results 
were similar to the results for the 0.1 p m Cd plated steel of cylinder-oncylinder 
tests, 
a. Surface Appearance 
The effectiveness of plating in wear reduction is dramatically shown in Fig. 7.1 
for a nickel plate of I P m initial thickness on AlSl 4140 steel. The large difference in 
the size of the wear tracks between the unplated (Fig. 7.10) and the plated sample 
(Fig. 7.1 b) should be noted. The unplated sample was tested for 30 minutes, whereas 
the plated sample was tested for 2 hours. Since no further wear could be detected on 
the plated specimen after 2 hours (2 16 m of sliding), the test was terminated. 
Observations of the 0.1 p m Cd plated specimen under SEM indicated that the 
wear track has become very smooth, as observed in Fig. 7.2. It is noted that the 
machining marks are only obvious away from the track. This observation is similar to 
Fig. 3.3 for initial periods of sliding. A comparison of the wear tracks of the 
uncoated steel versus the 0. I p m Cd plated steel after 30 minutes of testing is shown 
in Figs. 7.3 and 7.4. The track of Cd plated specimen is extremely smooth, while the 
unplated specimen is very rough and has numerous cracks, indicating that it has 
Figure 7.2 Smooth wear track of 0. I p m cadmium plated steel sliding 
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Sliding D i rec t ion  
Figure 7.4 Wear tracks in argon gas under a load of 2.25 kg after 54 m 
sliding distance. 
a. Unplated steel. 
b. 0. I p m Cd plated steel. 
undergone catastrophic delamination. 
b. Friction Coefficient and Subsurface Deformation 
It was discussed earlier that one benefit of soft metallic coating is the reduc- 
tion of friction. The result on the friction coefficients (Table 7.1) indicates that thin 
plates of cadmium, silver and nickel reduce the friction coefficients, for the tests in 
argon, by a factor of 2 to 3. This reduction in friction is perhaps due to the lower 
flow stress of the coatings as compared with that of the substrates. However, the 
friction coefficient of gold plated specimens were high. This indicates that reduction 
in friction by plating is not the only reason for wear reduction, but other factors such . 
as the physics of deformation may be important. This point will be discussed later in 
the chapter. 
Due to the reduction of friction coefficient by plating, it would be expected 
that the plated samples undergo less subsurface deformation than the unplated 
specimens. Figure 7.5 comprares the subsurface damage and deformat ion of the 
unplated steel (Fig. 7.5a) and the 0.1 p m Cd plated steel (Fig. 7.5b) tested in argon. 
The plated sample has undergone less deformation and contains a smaller number of 
subsurface voids and cracks. The depth of subsurface deformation in the unplated 
sample is 30 to 35 um while the deformation depth in the plated steel is only 25 to 30 
lJ m* 
The fact that the plated samples have some voids and cracks in the steel sub- 
strate, e.g., Fig. 7.6, indicates that the final failure of the plate will occur by de- 
lamination initiated in the substrate. Figure 7.7 shows some scattered delamination 
on the track of a 0.1 pm Cd specimen. It is observed that the thickness of the de- 
laminated layer is much larger than 0.1 l~ m. This is another indication of the 
Figure 7.5 Subsurface damage and deformation in argon under a load of 
2.25 kg after 54 m sliding distance. 
a. Unplated steel. 
b. 0. I p m Cd plated steel. 
Figure 7.6 Delamination occurring at the wear track of 0.1 pm cadmium 
plated 1020 steel running atainst plated 1020 steel slider under 
































































































initiation of delamination in the substrate rather than the coating substrate interface. 
In this respect, the maximum life of the coatings can be increased by choosing a 
harder substrate, since the subsurface deformation will be reduced leading to delayed 
delamination. 
c. The Effect of Plating Thickness 
It was mentioned earlier that the plate thickness is one of the major factors in 
the effectiveness of soft metallic plates. The important effect of the nickel plate 
thickness on the wear rate of AlSl 4140 steel is  observed in Fig. 7.8. Wear reduction 
by three orders of magnitude is observed for an initial nickel plate thickness of 1 il m. 
It should be emphasized that the results in this figure are for 30 minute tests; i f  the 
tests would have continued, the wear rate reduction would have been even larger than 
shown in the figure. The figure shows that the wear rate increases with the plate 
thickness for thicker nickel platings. This increase in wear rate for thick plates is 
believed to be caused by dislocation accumulation leading to strain hardening and 
delamination within the plate. Cracking and delamination within a thick (i.e., 25 ilm) 
plate of gold on AlSl 1018 steel is shown in Fig. 7.9. The thick layer wears off by 
delamination until the thickness of the layer is reduced to the optimum thickness in 
which the dislocations are presumhly not stable. Afterwards, the-wear rate is very 
low, similar to the case of thin platings. The transient behavior of thick coatings is 
shown in Fig. 7.10 for an initial 10 m thick nickel plate on AlSl 4140 steel. The 
steady state wear rate of thick platings may be largest under some sliding situations 
where the wear particles cannot be removed from the contact and act as abrasive 
particles. 
The effect of cadmium plate thickness on the wear rate is  presented in Figs. 
Figure 7.8 
1 .o 10 
Initial N i  plate thickness ( p m )  
The e f f e c t  of the initial Ni plate thickness on wear rate of 
AlSl 4 140 steel  in argon, for 30 minute test. 
Figure 7.9 Crack formation in a thick Au plate (25 p m initial thick- 
ness) a f te r  wear testing; AlSl 1020 steel substrate. 
Figure 7.10 Wear of a thick Ni plate (initial thickness of I0  m) 
versus time. 
a-• A l S l  1020 slider 
-4 Plated s l ider ,  same 
P l a t e  thickness (pm) 
0.1 
Figure 7.1 1 The effect of cadmium plating on wear rate of AlSl 1020 
steel under I Ib normal load. 
L- thickness as the 
s p e c i m e n s  
I  I I I I  I l l  I 1 1  1  1 1 1 1 1  I  I I I I  I l l  
0 0: I I 10 
*-a AlSl 1020 slider 
0-4 Plated slider, same 
P la te  thickness (pm) 
0.1 
Figure 7.12 The effect of cadmium plating on wear rate of AlSl 1020 
steel under 5 Ibs normal load. 
-. thickness as the 
specimen s 
, I 1 I 1 1  1 1 1 1  I I I 1 1  1 1 1 1  I I 1 I 1 1 1 1  
0 0.1 I 10 
7.1 I and 7.1 2 for two different normal loads and for plated and unplated sliders. It is 
observed that in all cases the optimum plate thickness is  approximately 0.1 pm. The 
figures indicate that the optimum plate thickness does not change with increasing the 
normal load from 0.45 to 2.25 kg. These figures also show that when the tests are run 
with unplated sliders, the optimum plate thickness remains the same as the tests with 
plated sliders, but the magnitude of the wear rate increases. The increase in the 
wear rate is  probably caused by transfer of cadmium to the unplated slider or plowing 
of cadmium plate by the harder slider. 
d. The Effect of Environment 
The next important factor in wear tests of soft metallic plates is the environ- 
ment. The wear tests on 0. I to 1.0 wn plate of various materials on steel conducted 
in air indicated that only gold platings (with special treatments) were effective in 
wear reduction. Other platings such as cadmium, silver and nickel were not suc- 
cessful in air because they oxidized and were removed early in the tests. The oxide 
particles of the plating materials also caused abrasive wear, which was evident by 
deep groves on the wear tracks. 
The wear rates for cadmium platings on 1020 steel tested in air is given in Fig. 
7.13. The figure indicates that a much smaller wear reduction was achieved by 
cadmium plating when the tests were carried out in air. However, the lowest wear 
rate is still obtained with the 0. I pm Cd plating. 
The wear track of 0.1 pm Cd plated steel tested in argon (Fig. 7.14a) is com- 
pared with the wear track in air (Fig. 7.14b). The micrograph indicates that delam- 
ination has occurred quite extensively in air. The subsurface observations (Fig. 7.15) 
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Figure 7.13 The effect of cadmium plate thickness on the wear rate. 
I I I I I111. I I I I I I l l  I I I I I I I I  

a. Unplated steel. 
b. 0.1 p m Cd plated steel. 
Figure 7.1 5 Subsurface deformation in air. 
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for the unplated steel in air is 25 to 30 p m (Fig. 7.15a), while for the 0.1 pm Cd 
plated steel it is only 15 to 20 p m (Fig. 7.1 5b). 
Since the poor performance of Cd plated steel in air was believed to be caused 
by oxidation, a series of tests were conducted under boundary lubrication to minimize 
oxidation. The first set of tests were run with Gulftex 39 under a load of 2.25 kg for 
216 m sliding distance. The unplated steel and 0.1 pm Cd plated steel exhibited a 
-9 
similar wear rate of 4.6 x 10 gmfcm. The wear track of both specimens had become 
dark, indicating that the gulftex oil had reacted with the specimens and caused the 
high wear rate of Cd plated steel. Therefore, for the next set of tests a pure mineral 
oil (Nujol) was used. Under the same conditions as the tests with Gulftex 39, the 
unplated steel had a wear rate of 3.2 x gm/cm when lubricated with mineral oil, 
whereas, the 0.1 m Cd plated steel had experienced such low wear that no weight 
change could be detected. Therefore, the test duration was tripled (648 m). After 
the tests the unplated steel had a wear rate of 7 x log9 gmfcm, while the wear rate 
of 0.1 v m Cd plated steel was only 0.5 x 10 -~~m/cm.  It is believed that longer tests 
would have resulted in larger wear rate reductions, similar to the tests in argon. 
e. The Effect of Surface Roughness and Bonding 
In tests with the plated surfaces, since the optimum plate thickness is very 
small, the substrate surface roughness may play a major role in the l i fe of the 
coatings. The steel samples which were plated with a thin layer of gold without any 
special treatments failed immediately at the beginning of sliding. This failure was 
found to have been caused by the lack of adhesive bonding between the plated layer 
and the substrate, which was accentuated by the roughness of the substrate surface. 
The bond strength between electrodeposited gold and steel has been reported to be 
very low and to become even weaker with increasing substrate surface roughness. 112 
Under sliding conditions, the roughness could cause further deterioration of the bond 
strength by the deformation and final fracture (Fig. 7.16) of the original substrate 
aperit ies. Therefore, the gold plated steel samples were first metal lographical ly 
polished and were specially treated to achieve a good bdnd strength. By diffusion of a 
very thin layer of gold or by plating a flash of nickel over the substrate before gold 
plating, it was possible to increase the life of the thin gold plates from immediate 
failure to more than 60 minutes of sliding. 
The influence of the substrate surface finish on cadmium plated specimens was 
checked with a 0.05 p m cadmium coating on AlSl 10 18 steel with both a fine gound 
finish and a metallographically polished finish. The surface roughness had only a 
moderate effect on the life of the cadmium plates, and polishing improved the life of 
the coatings only by 20%. Since steel-cadmium adhesion strength is much greater 
than the adhesion strength of steel-gold, this result suggests that moderate 
changes of surface roughness may influence only plating-substrate combinations with 
have low adhesive strengh. 
f. The Effect of Relative Hardness Between Substrate 
and Coating 
According to the delamination theory the plated material must be softer than 
the substrate to minimize the wear rate. The results on the wear rate of cadmium 
and nickel plated steels in Table 7.1 support this hypothesis. The wear rate data 
2 indicates that nickel plate on steel specimens which are softer than 460 kg/mm fail 
immediately at the start of sliding. However, the wear rate of I p m nickel plated 
2 4140 steel specimen with a hardness of 460 kg/mm is very low. Table 7.1 also 
Figure 7.16 The deformation of substrate asperities due to the sliding 
action on a thick plate of Au on AlSl 1020 steel substrate. 
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2 indicates that l p m cadmium plate with a hardness' l2 of 30 to 50 kg/mm was 
2 successful on all substrates with hardnesses ranging from 84 to 370 kg/mm . 
E. Summary and Discussion 
The results presented in this chapter support the predictions made by the de- 
lamination theory of wear on the wear resistance of soft metal coatings. For best 
wear resistance the plated material must be softer than the substrate, thinner than a 
critical thickness, and bonded strongly to the substrate. The condition of the surface 
of the substrate is an important factor since it was shown that smoother plated 
surfaces last longer. It was shown in the last chapter that subsurface damage caused 
by machining operat ion greatly influences initial wear behavior. Therefore, com- 
ponents for sliding applications must be prepared carefully so as to minimize the 
damage to the substrate during machining. Otherwise, the damaged substrate may 
cause premature failure and offset the beneficid effects of plating. If the 
delaminated particles are not removed from the contact, they may oxidize and serve 
as abrasive particles, thus degrading the coating and enhancing delamination. 
100-1 1 1 Soft metals hove been used previusly by others for wear reduction. 
Some of these investigators assume that the metal layer softens during sliding and 
acts as a lubricant. This explanation can only be correct when the sliding speeds and 
the normal loads are high enough to cause a large flash temperature at the contact. 
The present work has shown that even a high melting point metal such as nickel can 
be effective in wear reduction under low speed sliding wear, and that the thickness of 
the plate has a pronounced influence. These findings are contradictory to the 
previous assumptions on the mechanism of wear reduction of soft metal layers. It 
was shown in this chapter that it is not the absolute softness which is important; it is 
the ratio of flow stresses between the substrate and the coating which is the 
determining factor. 
a. Discussion on Existence of the Soft Surface Layer 
As it was discussed in Section 6, the optimum thickness of the coating is 
controlled by the image forces associated with the free surface. It was discussed in 
Section C, Chapter Ill, that the image force tends to generate a "softw surface layer 
and some experimental evidence were presented. However, the hardness (or softness) 
of the surface is a controversial subject and has received some attention from 
researchers in the field. In the following discussion the literature on the "hardness" 
1 
of the surface is reviewed and the proposed mechanisms are compared and shown to 
be inappropriate for sliding surfaces. Finally, an alternate explanat ion for the 
'hardness" of the sliding surfaces is given in terms of the physics of deformation. 
The majority of the experiments performed to measure the hardness or softness 
of the surface has been done on single crystals and in tensile testing. Researchers 
agree that at the early stages of deformation the surface or the near surface dis- 
location sources are activated much before the interior dislocation sources. 113-1 17 
Kramer ' l8-I2O claims that these dislocations tangle near the surface and create a 
high dislocaiton density "debris layer," which will cause a surface layer relatively 
harder than the bulk. On the other hand, ~ o u r i e ' * ' - ' ~ ~  shows that the surface is 
softer than the interior due to a lower dislocaiton density near the surface. The 
lower dislocation density and entanglement near the surface was shown to be caused 
by a large number of dislocations of similar signe near the surface as compared with 
the interior. 
Observations of dislocation distribution by etchpitting have shown a higher 
number of dislocations near the surface. 23 On the other hand, thin foil electron 
microscopy has clearly shown lower dislocation density and entanglement near the 
free surface. 24 Since these investigations were performed on f.c.c. or b.c.c. single 
crystals, it is very important to consider the stages of deformation in these metals. 
M ~ g h r a b i ' ~ ~  has shown that the relative dislocation density between the surface and 
the interior depends on the amount (or stage) of deformation. For single crystals of 
copper deformed in Stage I, the surface dislocation density was higher than the bulk; 
whereas the surface dislocation density was lower than the interior for crystalls 
deformed in Stage II. A further study of the literature on surface hardness reveals 
that the researchers measuring a hard surface had deformed the specimens in Stage I; 
whereas those who measured a soft surface laeyr had deformed the crystals in Stage 
I I. This critical difference between the experimental conditions which explains the 
reasons behind this controversy has been completely ignored by recent review- 
er% ' 69 ' and by the researchers themselves. 
The dependence of near surface dislocation density on the stage (amount) of 
deformation can be explained by considering the effect of a thin oxide layer on the 
surface. I f  a thin oxide layer is on the surface the mobile dislocations 
generated by a small amount of deformation (stage I) can pile-up and entangle under 
the oxide layer and cause surface hardening. However, for deformations at larger 
strains (stage II), the oxide layer will be broken and the possibility of dislocation 
entanglement and surface hardening wi l l decrease. 
From the preceding critical review it is apparent the surface of a single crystal 
deformed to large strains is softer than the interior. However, this 99soft9t layer 
cannot be due to the image forces because according to ~ u ~ h r a b i l ~ ~  and 
~ovr ie '  219122 the depth of the soft layer is 200 to 2,000 11 rn. Therefore, Fourie9s 
explanation of higher density of similar singe dislocations which was confirmed by 
Mughrabi may be a reasonable mechanism for the soft layer under these conditions. 
Hirth and Rigney have recently proposed a model for the ffhardnessff of the 
surface through consideration of stacking fault energy and compatibility effects. 
According to their model surface hardening or softening depends on the stacking fault 
energy and the amount of deformation. However, it predicts surface softening only 
for materials with a low stacking fault energy deformed at low strains (true strains 
less than 0.1 ). Therefore, this model cannot account for surface softening observed 
for worn metals which have undergone a large plastic deformaiton near the surface. 
Since the above mechanisms cannot explain the existence of the soft layer on 
the sliding surfaces, the image force dislocation mechanism may be a reasonable 
assumption for surfaces under sliding condition. The depth of this layer is controlled 
by the shear modulus and the friction stress of the metal. 127 Of these two material 
properties, only the friction stress depends very strongly on the microstructure of the 
material. Since the data on friction stress is very scarce, the calculation of the size 
of the low dislocation density zone is not possible fo r  most metals. The available 
data, however, indicates that the zone is approximately 0.1 to 10 m for high purity 
2 
metals and is much less for alloys. 
The image force hypothesis can be directly applied to the case of coated sur- 
faces. When the shear modulus of the coating is less than that of the substrate, the 
dislocations generated in the coating during sliding will be repel led from the inter- 
face, while the dislocaitons generated in the substrate will be attracted toward the 
interfoce. I f  the coating is sufficiently thin, some of the mobile dislocations in the 
plated layer may be eliminated by the image force and also by the stress field 
established by other dislocations, when the surface is unloaded after the slider 
asperity has passed. In this case, the coating will remain soft and function as a 
protective layer. 
An alternate explanation for the generation of the soft surface layer during 
sliding may be given by considering the deformation of surfaces in sliding situations. 
It is a well established fact that the surface of polycrystaline metals develop a 
special texture os a result of sliding. I** This texture is such that the primary slip 
planes and slip directions become almost parallel to the sliding surface and sliding 
direction. Since the direction of maximum shear stress (under the contact) near the 
surface is approximately parallel to the sliding direction, the textured surface will 
deform easily (similar to easy glide in crystal plasticity). In fact, experiments have 
revealed a low friction coefficient and wear for sliding in the direction of primary 
slip system in single crystals 129-132 or sliding on textured sheet metals. 133 
Texturing and low flow stress can only occur very near the surface because 
orientat ion of crystal lographic planes and conformat ion with the maximum shear 
stress direction (under the contact) can 'only occur at the free surface. The tendency 
of this behavior decreases below the surface due to the material constriction. There- 
fore, the lower subsurface cannot deform by easy glide, and secondary slip and cross- 
slip will be activated which lead to strain hardening below the surface. The surface 
hardening, after achieving a relative maximum at some depth, witll decrease to-the 
bulk hardness because the stresses and strains decrease as the distance below the 
surface is increased. 
The extent of this type of surface softening depends on the number of available 
slip systems and the stacking fault energy of the metal. A metal with a large number 
of slip systems (activation of secondary slip) and a high stacking fault energy (high 
degree of cross-slip) will have a thin soft layer and a higher rate of strain hardening. 
Therefore, it is of interest to study the degree of texure development, the dislocation 
density and the hardness as a function of depth and correlate these observations to 
the number of slip system and the stacking fault energy. 
b. Discussion on the Role of Thin Coatings 
It was shown in Section D of this chapter that generally the low wear rates of 
soft metallic platings could be associated with low friction coefficients of the 
coatings. However, the low wear of gold platings could not be explained since the 
friction coefficient of steel was not reduced by gold plating. It was, therefore, 
mentioned that other factors such as physics of deformation may be important in 
wear behavior of metal lic coated surfaces. 
Extensive research 34-1 36 has indicated that presence of films on solid surfaces 
can markedly influence the mechanical behavior. Some metals and metal oxides are 
known to increase the resistance to platic de fo r rna t i~n , '~~  whereas organic films can 
have a softening, hardening or an embrittling effect. ' 36 Even though the research on 
this phenomenon has been quite extensive, almost all investigations have been 
performed for uniaxial loading. However, ~ u c k l e ~  ' 37 studied the effect of surface 
films on deformation in sliding and found a similarity in the results between tensile 
testing and sliding. 
The increase in strength, which is obtained by thin metallic coatings, cannot be 
explained by adding the strength of the f i lm to that of substrate, since this would 
make the strength of the f i lm impossibly large. Therefore, the presence of the thin 
film must modify the mechanical behavior of the substrate. This modification can 
only occur at the vicinity of the interface between the coating and the substrate 
since the coating is very thin. The properties at the interface are controlled by the 
relative material properties of the coating and the substrate, because the interface is 
a discontinuity between the two materials. In the following paragraphs some of the 
factors which have an influence on the behavior of the interfaces, will be discussed. 
The question which is to be answered is that why the thin and soft coating 
increases the strength of the metal substrate and decreases the wear rate. The 
increase in strength is possible by strain-hardening of the substrate, below the inter- 
face. This can occur by the following mechanisms: 
I. Elastic or plastic incompatibility13* existing at the interface could cause 
extensive secondary slip or cross-slip to strain harden the material below 
the interface. The extent of this hardening is controlled by the relative 
elastic constants and the orientation of the primary slip systems of the 
coating and the substrate. 
2. Strain hardening can take place in the substrate below the interface i f  the 
mobile dislocations in the substrate cannot cross the interface and move 
into the coating but they can accumulate behing the interface. This 
phenomenon will arise i f  the lattice spacing, and the crystal structure and 
orientation of the coating and the substrate are sufficiently different that 
the dislocations generated in the substrate are unable to penetrate across 
the interface. 399 I4O In this respect the choice of f.c.c. metals (such as 
nickel) or hecap. metals (such as cadmium) for the coating mateial and 
b.c.c. metals (such as steel) for the substrate is quite appropriate. 
3. Surface texturing during sliding can result in dislocation accumulation and 
hardening of the substrate i f  the coating and the substrate have much 
different crystallogrphic structure. The texture is such that the primary 
slip planes become nearly parallel to the surface. Therefore, at the inter- 
face between metals of two different structures (e.g., b.c.c. and f.c.c.) 
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different crystallogrphic planes will be al ligned (e.g., (00 1) and (I  I I)). This 
different orientation acts as barriers to dislocation motion across the 
interface. 
4. Misfit dislocations can also act as barriers to dislocation motion and cause 
strain hardening below the interface. These dislcoations are generated at 
the interface at the time of plating due to the difference in the crystal 
structure of the substrate and the coating or the presence of impurities in 
the plating bath. 
5. Image forces which attract the substrate dislocations toward the interface, 
in the case of soft films, can produce a minor hardening effect by 
dislocation jog formation. If the slip planes are not perpendicular to the 
interface, the image force can jog the dislocations out of the slip plane and 
cause some strain hardening. However, the extent of this hardening should 
be much less than that caused by the preceding mechanisms. 
From preceding discussion and the experimental results of this chapter, it may 
be concluded that the primary mechanism of wear resistance of thin m d  soft metallic 
coatings is the lower friction coefficient coupled with the strengthening of the 
substrate near the interface. No direct experimental evidence was provided for the 
latter mechanism, but the excellent wear resistant of gold platings with the nickel 
underlayer or the diffused gold layer could be related to the strengthening of the 
substrate near the interface. 
VIII. SUMMARY AND CONCLUSIONS 
The experimental and theoretical investigation reported in the previous 
chapters verified the hypothesis of the delamination theory of wear. It was shown 
that steady state wear of metals sliding at low speeds occurs by subsurface 
deformation, void nucleation, crack propagation and generation of wear sheets. 
Inclusions and hard second-phase particles were found to be the primary sites for void 
nucleation. The theoretical analysis on the process of void nucleation from hard 
particles was in excellent agreement with the experimental result in verifying that 
void nucleation occurs deep below the surface. The theoretical analysis indicated 
that voids can form after a few sliding passes and that crack propagation is the rate 
controlling process in delamination wear. 
Studies were carried out on microstructural effects in sliding wear, concentrat- 
ing on separating and understanding the effects of hardness and hard-particle crack 
nucleation sites. The results substantiated the predictions of the delamination theory 
that the wear rate depends on both the hardness and the number of void nucleation 
sites. It was shown that the wear rate is decreased by increasing the hardness and 
decreasing the number of void nuc leaiton sites. 
Studies on the effect of surface roughness on wear indicated that the original 
surface roughness of machined parts controls the initial wear behavior and not the 
steady state delamination wear rate. The influence of surface roughness on wear was 
shown to depend on the normal load. Under low contact loads, the delamination of 
rough surfaces was delayed, which resulted in low wear of rough surfaces as compared 
to smoother ones. However, at higher contact loads, all surfaces delaminated at the 
beginning of sliding and the wear of rough surfaces was larger than smooth ones 
because of the larger volume of the original machining asperities of rough surfaces. 
It was shown that the quality and the degree of subsurface damage has detrimental 
effects on the initial wear rate. 
The delamination theory of wear was used to develop wear resistant metallic 
surfaces by application of a thin soft metallic plate. Before the final failure of the 
plates occurred, the wear rate of the combination was reduced by three orders of 
magnitude. The wear rate reduction was possible i f  the coating was softer than the 
substrate, had an optimum thickness (I. 0. I p m), and was bonded strongly to the 
substrate. This pehnomenon was demonstrated experimentally for cadmium, silver, 
gold and nickel plated steel specimens. 
Based on the investigations reported here, the following conclusions may be 
made in regard to wear reduction: 
I. Wear rate can be decreased by increasing the hardness and decreasing the 
inclusion and second-phase particle density. 
2. Wear of surfaces sliding under low contact loads can be decreased by 
preparing rough 'surfaces which do not have any subsurface damage. 
3. The wear rate can be decreased by plating a softer metal on a harder 
substrate. 
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APPENDIX A 
SPECIMEN PREPARATION FOR THE WEAR TESTS 
The materials which were used for the wear tests of Chapter Ill are described in 
this appendix. The description of the materials used for wear tests in other chapters 
is given in the chapter. 
A. Chemical Composition and Processing Methods 
The specimens were selected to represent a wide variation in metallurgical 
properties. The mater ia Is used included fococa, b.c.c. and h.c.p. metals. These metals 
were: cadmium bicrystal, high purity zinc, and iron, iron-tungsten and iron- 
molybdenum solid solutions, different grades of steels and copper. 
I. Cadmium Bi-Crystal 
The 99.999% pure cadmium bi-crystal was in the ascast condition. The 
wear surface was oriented to be perpendicular to the grain boundary for 
Test Nos. 2 and 3, whereas the wear surface was oriented at 30' to the 
grain boundary for Test No. I. The wear surfaces were metallographically 
polished before testing. 
2. High Purity 
After casting, the 1/2" rob of the 99.999% pure zinc were swaged to 1/4". 
The specimens were then prepared for cy l inder-on-cy linder wear tests. 
After machining, a final anneal was given, at 85' C for I hour in vacuum. 
3. High Purity Iron and Iron-Tungsten Solid Solutions 
The high purity iron was specially prepared to achieve an inclusion free 
structure. The iron was zone refined and had a final impurity content of 2 
ppm of 0, 1 ppm of N and 2 ppm of C. Tungsten was added by zone 
levelling to give several concentrations of tungsten in solid solution. This 
material was then machined to 1 /4" diameter and cut into 1-1 /21t length. 
A final heat treatment was given at 630' C for Test Nos. 6 to I6 and at 
750'~ for Test Nos. 17 to 19, for I hour in vacuum of 2 x log6 rnm of Hg. 
4. Iron-Molybdenum Solid Solution 
Three different concentrat ions of molybdenum in iron were selected, 
mainly 1.3, 2.7, and 5.8 wt %. This material was prepared to achieve a 
clean solid solution structure. However, the polished and etched sections 
showed some inclusions. The chemical composition of these inclusions was 
determined by x-ray analysis, and it is believe that they are either iron 
oxides or iron carbides. The inclusion concentration in the 1.3% Mo was 
higher than the 2.7 and 5.8% Mo, by an order of magnitude. 
This material was prepared by alloying 99.5% pure iron containing 0.02 
wt % 0, 0.004 wt % C and 0.001 wt % N. The molybdenum used for 
alloying was 99.9 wt % pure. The alloys were arc melted six times and cast 
into 400-gm ingots under an argon atmosphere. They were then hot pressed 
and rolled at 400' C. This was followed by a swaging to 1/218 diameter 
rods. A final vacuum anneal for I hour was given at 575' C for Test Nos. 
20 and 2 1 and at 650' C for Test Nos. 22 to 25. 
5. Steel 
-
Different grades of steels with spheriodized or pearlitic microstructures 
were used. These were AlSl 10 10, 10 18, 1 020, 1095, and 4340 steels. 
a. AlSl 1010 Steel 
This steel was rolled from a thickness of 3" to 3/4" at 930' C, followed 
by a water quench. Specimens for reciprocating tests were prepared by 
machining. Then the specimens were annealed at 650' C for I hour in 
vacuum. 
b. AlSl 101 8 Steel 
This material was commercially available as hot rolled bars. The 
specimens were annealed at 700' C for 48 hours in vacuum after machining 
to obtain a spheroidized structure. 
c. AlSl 1020 Steel 
Two types of AlSl 1020 steel were used; commercially available hot 
rolled bars and specially doped steel to control the grain growth during 
annealing. The specimen which was made from the commercial AlSl 1020 
steel (Test No. 43) was not annealed before testing and it had a pearlitic 
structure. 
The doped steel had the same carbon concentration as the AlSl 1020 
steel. The additional alloying elements were 0.05% W and 0.25% Zr to 
inhibit grain growth and raise the recrystallization temperature. 
The doped steel was vacuum melted and cast as a 100 lb ingot. The 
ingot was trisected and the pieces were forged at 1375' F to flat bars of 
I I' x I It cross section and 314" rods. The bars were then cold rolled to 31 16" 
thickness, and the rods were swaged to 318". A final vacuum anneal was 
given after machining, at 658' C - 22 hours for Test Nos. 31 to 35, at 680' 
C - 17 hours for Tests Nos. 36 to 38, at 625' C - 20 hours for Test Nos. 39 
and 40, and at 690' C - I hour for Test Nos. 41 and 42. 
dm AlSl 1095 Steel 
The specimens from this material were prepared from It' diameter AlSl 
- 193 - 
1095 steel and were fully heat treated to result in a pearlitic structure. 
e. AlSI 4340 Steel 
The commercial available AlSl 4340 steel bars were used to prepare 
318" in diameter specimens for cylinderon-cylinder wear tests. The 
specimens were then heat treated ,at 81 0' C for I hour, followed by water 
quenching. They were then tempered at 200' C for I hour. Some 
specimens were also made from an ESR (electroslag remelted) AlSl 4340 
steel with a low inclusion density. These specimens were given the same 
heat treatment as the regular AlSl4340 steel. 
6. Copper 
High purity, oxygen free, high conductivity copper (99.96% pure) was used 
for the copper specimens. The specimen which was prepared for the 
recirpocating Test NO. 52, was cold rolled by 90% reduction before 
machining and it was annealed at 235' C for 4 hours after machining. The 
specimen for Test NO. 51 was swaged by 66% RA and was annealed at 315' 
C for 4 hours after machining. 
B. Specimen Preparation for Wear Tests 
The specimens were prepared for the sliding wear tests by the following pro- 
cedure: 
I. Specimens for Reciprocating Tests 
The specimens which were tested by a reciprocating friction and wear 
machine had dimensions of 2 3/8" x 1 1 /8" x 1 /8". The surface on each face was 
ground to assure flatness and to remove hot or cold working marks. The 
samples were polished on grade I emery paper to remove the grinding marks. A 
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final polish was then performed perpendicular to the sliding direction of the 
wear machine. These specimens were washed with soap and water, rinsed with 
alcohol and dried by a jet of air. 
The clean specimens were annealed in a high vacuum furnace (2 x I o - ~  - 
2 x loo6 mm Hg) to minimize oxidation and decarburization. Annealing times 
and temperatures were given in the last section. After this annealing treat- 
ment, the specimens were stored in a dessicator. Before the wear tests, the 
specimens were immersed in trichloroethylene for at least 10 minutes, dried and 
weighed to an accuracy of 0.1 mg. It should be emphasized that no mechanical 
work was done on the sliding surface after annealing and prior to wear tests. 
2. Specimens for Cy l indersn-Cy linder Tests 
These specimens were machined to 114" diameter, ground and then polished 
by silicon carbide paper grit size 120 and 600, respectively. The Fe-W 
specimens were received as polished had a surface finish of 2 RMS. Fe-Mo 
specimens were not polished after grinding and they had a surface finish of 16 
RMS. The specimens were then cleaned, annealed and stored by a procedure 
similar to the one used for reciprocating specimens. 
3. Specimens for Annular Tests 
2 The annular specimens were 1 in outside diameter and 0.8 in in contact 
area. The wear surface of these specimens were ground to I 6  RMS surface 
finish before annealing. 
4. Preparation of the Sliders 
The sliders used in most of the wear tests were AlSl 52100 (560 kgfmm 2 
Brinell hardness). Pins of 1 /4It diameter and 1-1 /2It length were selected which 
had a 1/4It radius of curvature at both ends. The curved ends were used as the 
sliding surfaces for reciprocating tests, while the cylindrical surfaces were used 
for unidirectional sliding tests. Before testing, the sliders were degreased by 
immersion in tr ichloroethy lene. After the reciprocating wear testing, the 
curvature at the sliding end was polished on grade I and 4/0 emery papers 
respectively, and the pin was reused. However, for the unidirectional tests, the 
used pin was simply rotated to expose a new surface for sliding. 
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APPENDIX B 
WEAR TESTING INSTRUMENTS AND TESTING PROCEDURE 
A. Wear Testing Equipments 
Wear tests were performed on three different machines with different sliding 
geometries to show that the experimental results did not depend on sliding geometry 
and the type of equipment used. 
I. Reciprocating Wear Testing 
The basic sliding geometry of this equipment was that of a pin-on-f lat recip- 
rocating motion (Fig. €3-la). The specimen was stationary and the slider was moved 
by a variable speed motor and a cam. Normal load was applied to the specimen from 
below by a lever and a dead weight. The friction force was measured by recording 
the bending stresses set up on the shaft connected to the specimen holder. A Sanborn 
IS0 Recorder was used to record the data. Argon gas was flushed over the specimen 
and the slider at a flow rate of 4 l/min with the exception of the reciprocating tests 
on copepr Test No. 52. 
2. Unidirectional Wear Testing 
A cylinder-on-cylinder sliding geometry (Fig. €3-1 b) was used on a lathe. The 
specimen was rotated by the spindle and the slider was stationary. The pin was 
placed in a special holder and was connected to a lathe tool dynamometer. The 
dynamometer was attached to the carriage of the lathe. The normal force was 
applied to the pin by transverse motion of the carriage and was monitored on a 
Sanborn 32 1 Recorder through the dynamometer. The friction force was measured by 
the bending stress in the pinholder bar and was recorded on the Sanborn. 
The sliding interface was flooded with argon at a flow rate of 10 l/min during 

wear testing with the exception of Test Nos. 45 to 47 and 52. For these tests a 
plexiglas chamber was built around the contacting surfaces and argon entered at a 
rate of 5 l/min. 
3. Pin-on-Disk Wear Testinq 
The Cd bi-crystal was tested by a pin-on-disk geometry of Fig. B-Ic. The 
specimen was rotated by a variable speed motor and the slider pin was stationary. 
The normal load was applied to the pin by a dead weight. The tests were performed 
in air. 
4. Annular Wear Testing 
This type of geometry which is shown in Fig. B-Id was used for one set of tests 
on the Cd plated steel (Chapter VII). One of the samples was rotated by a lathe and 
the stationary annulous was pushed against it. The normal contact load and the 
friction torque were measured by a dynamometer built in the tail-stock of the lathe. 
A plexiglas chamber was constructed around the samples and was filled with argon at 
a steady flow of 5 l/min. 
6. Specimen Preparation After Wear Tests 
After the wear tests, the specimens were gently brushed to remove the loose 
wear debris. Then, they were degreased in trichloroethylene, dried and weighed to an 
accuracy of 0.1 mg. 
I. Wear Track Observations 
The specimens were placed in a scanning electron microscope to examine the 
wear tracks. The flat specimens were located so that the f lot surface containing the 
wear tracks were perpendicular to the electron beam. However, the cylindrical 
specimens were positioned so that the cylindrical axis was parallel with the electron 
beam. Then by tilting the specimen, the wear track on the cylindrical surface was 
observed. Tilting was very important to discern the shape and dimension of the wear 
sheet s. 
2. Sectioning and Observations 
After observing the wear track, the specimen was cut by a hack saw approx- 
iately 1/8" away from the wear track, parallel to the sliding direction and perpen- 
dicular to the worn surface. Then it was placed in a special holder and abraded on 
grade 2 and I emery papers. A specimen holder was used to protect the edges during 
polishing. When a desired location in the wear track was reached, the section was 
metal lographical ly polsiehd. 
After polishing, the specimens were etched to reveal the microstructure. A 2% 
Nital solution was used to etch the steel, Fe-Mo and Fe-W samples, while a 10% 
ammonium persulfate etch was used on copper specimens. Some of the Fe-Mo speci- 
mens were etched by a solution prepared by mixing of 30 cc - 4% Nital, 30 cc 4% 
Picral, 10 cc - Zephrin and 180 cc ethyl alcohol. . 
The effectiveness of the etching procedure was checked by an optical micro- 
scope. The scanning electron microscope was then used to observe the microstruc- 
ture and the subsurface damage due to wear. 
3. WearParticleCollection 
The wear particles were collected in the plexiglas chamber which enclosed the 
specimens. ' After the wear tests, the chamber was flushed with alcohol and the 
particles were precipitated on a polished aluminum flat. They were then observed by 
SEM. 
APPENDIX C 
EXPERIMENTAL CONDITION AND RESULT 
The experimental condition and result for wear tests reported in Chapter Ill are 



























































































































































































































































































































































































































































































CALCULATION OF ELASTIC-PLASTIC SUBSURFACE 
STRESSES IN SLIDING CONTACTS 
This appendix describes the method which was used in Chapter I V  to calculate 
the state of stress and the residual stresses and strains during cyclic sliding. The 
* 
procedure was first developed by Merwin and Johnson for rolling contacts and was 
** 
later modified to be used for sliding contacts. 
The general problem is simplified by assuming that an elasticperfectly plastic 
plane slides with a speed U, past a rigid, stationary surface which makes a contact of 
lenth 2a. The analysis is carried out for plane strain condition. Therefore, in terms 
of the coordinate axes shown in Fig. D-I, and associated with the stationary surface 
E is zero and all stresses and strains are independent of z. zz 
A. A Brief Description of The Procedure 
The analysis is performed by the following steps: 
I. The steady state residual stresses and strains in the plane x-y are assumed 
to be zero. 
2. A fixed point in the plane is considered (initially at x = and y = y ). Since 
0 
the contact is far away from the point, the state of stress is calculated by 
superimposing the elastic and residual stresses. The stresses are recalcu- 
lated at this point as it moves towards the contact with a speed U and by 
*JOE. Merwin and K.L. Johnson, "An Analysis of Y R o l l i n q  
Contact," Proc. Instn. Mech. ~ n ~ r b ,  177 (1 963) 676-690. - 
**K.L. Johnson and J.A. Jef feris, "Plastic Flow and Residual Stresses in Rol ling and 
Sliding Contact,I1 Proc. of Symposium on Fatigue in Rolling Contact, Instn. Mech. 
Engrs., ( 1 963) 54-65. 
Elastic 
perfectly plastic 
Figure 0-1 Model of a contact between a stationary rigid asperity and 
a sliding elastic-perfectly plastic plane. 
increments of dx. 
3. When the state of stress at the point satisfies the von Mises yield criterion, 
the Prandtl-Ruess equations are used to calculate the state of stress for 
successive movements of the point, assuming that the total strains are the 
same as that given by elastic relations. 
4. The Prandt I-Ruess equations are integrated using Gi 11's modification of 
Runge-Kutta method to fourth order. 
5. When the von Mises yield criterion is not satisfied any more or the rate of 
plastic work becomes negative, plastic deformation terminates. For 
successive movements of the point, the state of stress is found from elastic 
equations. 
6. Since no attempt is made to satisfy equilibrium during the cycle, the final 
state of stress violates the equilibrium condition. Therefore, at the end of 
the cycle, the stresses are relaxed elastically to satisfy equilibrium. This 
procedure may give non-zero residual stresses and strains. 
7. Steps 2 through 6 are repeated for the same point using the residual 
stresses from the previous cycle. The procedure is repeated until a steady 
state condition in the state of stress, residual stresses and the residual 
strains is reached ( this is when the residual stresses and strains found in 
step 6 are not significantly different from the residual stresses and strains 
at the beginning of the cycle). The final result is an approximate solution 
of the steady state stresses in a sliding contact at a given depth. 
8. The same procedure is followed for points at different depths to approxi- 
mate the total state of stress. The details of the procedure are described 
in the following sections. 
6. Elastic Stresses 
* 
The elastic state of stress is found using Smith and Liu's solution. This two- 
** 
dimensional approach uses a real variable method to Hertz's problem of contact of 
elastic bodies. Both normal and tangential loads are assumed to be distributed 
elliptically over the contact. The stresses on the boundary due to distributed tan- 
gential and normal tractions are given by the following equations: 
for x l a  
for x I - a  
for I x l l a  
for -a > x > a 
- - 
(D.2) 
for I x l L a  
*J.O. Smith and C.K. Liu, "Stresses Due to Tangential and Normal Loads on an 
Elastic Solid with l ication to Some Contact P;oblems," J. Appl. Mech., Trans. 
ASME. 20 ( 1953) 157- 166. 
**H. ~ert;, ~esarnrnette Werke, Vol. I, Leipzig, Germany, 1895: English Translation 
in Miscel laneous Papers, 1 886. 
where p and q are the maximum normal stress and the maximum tangential stress 
0 0 
at the contact, respectively; a is half the contact length; and x is the coordinate from 
Fig. D-I. 
The stresses below the surface due to the both tangential and normal loads are 
given by the following equations: 
in which 
For plane strain the other stress components are given as: 
where V is the Poisson's ratio. In the calculation reported here a value of 0.3 is used 
forv . 
I 
C. Plastic Stresses 
1 - In order to find the stresses in the plastically deforming region and the 
I 
I, 
cumulative plastic deformation after every passage of the slider, it is necessary to 
trace the loading cycle of each point as it passes under the contact. During plastic 
I 
deformation it is assumed that the total strains remain identical with the elastic 
strains found from Equations (D.1) through (D.8) by applying Hookets law. (The 
reasons beind this assumption will be discussed later.) The stresses at each point in 
the plastlc region are then found by employing the incremental Prandtl-Reuss 
equations for an elastic-perfectly plastic material. 
A t  this point it is convenient to introduce the stress deviation and strain devia- 
tion. The deviatoric stress components are given as: 
and the deviatoric strain components are given as: 
e.. = - e  
1 J i j 
f o r i  = j 
f o r i  = j 
where ohand e are hydrostatic stress and strain components, respectively; 
(D. I 0) 
where summation over i is implied. Hodtels law for elastic deformation may now be 
written as: 
(D. 1 3) 
where G is the elastic shear modulus. 
During plastic deformation the von Mises flow rule requires that the second 
2 invarient of the stress deviators, J2, remains constant and equal to k , where k is the 
yield stress in shear. J2 is defined as: 
(D. 1 4) 
We may now proceed to find the stress-strain relations in the plastic region. 
The total strain rates, Cij, is the summation of the elastic strain rates, b.?, and the 
' J !; 
plastic strain rates, or, 
IJ 
b. .  = + a.. P 
I J I J IJ 
The plastic strain rates can be found from the Prandtl-Reuss equations: 
' P where W is the plastic strain energy rate, 
* P  WP = e.. 
I, 'ij 
By substituting (D. 1 3) and (Dm 1 6 )  in (D. 15) we obtain, 
w p  e.. = 2 + 2 sij 
IJ  
(D. I 5) 
(D. 1 6) 
(D. 17) 
(D. 1 8) 
which can be rewritten as, 
i.. = 2 G (Cij WP 
[J - sij, (Do 1 9) 
Since the plastic strain energy is much larger than the elastic strain energy, 
. 
where W is the total strain energy rate. Therefore, 
where ttj, the total strain rate,was assumed to be identical with the elastic strains 
given by applying Hodte's law to (Do I) through (D.8). These relations apply during 
2 . plastic deformation, as long as J2 equals k and W is positive. Otherwise, the elastic 
equations are used to find stresses. 
In order to integrate (D.2 I), the time rates of change can be transformed to 
gradients with respect to x as follows, 
d a ai- (s..; e..; W) = U (s..; e..;W) (D.22) JJ JJ JJ JJ 
where U is the steady sliding speed of the lower plane. Therefore, by substituting 
(D.22) in (D.2 1) the time rates of change will be replaced with x-derivatives and 
consequently U is  cancel led out frm the equations. 
Since the strains are assumed to be known (i.e., equal to the elastic strains), 
Equation (D.2 1) gives the gradients with respect to x of the stress deviators. The 
% 
gradients are then integrated by using the Runge-Kutta-Gil l method to calculate the 
stresses. The step-by-step numerical analysis for the stress cycle of a point at any 
depth y is as follows: 
Starting from the elastic stress state at a position xo where the stress at the 
point first satisfies the von Mises yield condition, on the entry side, the stress 
rates of change with x are found from Equation (D.21). These stress rates are 
then used to predict the values of the stress components when the point has 
moved a small distance dx. Therefore the state of stress of points at a constant 
depth is obtained, as the point goes through the stress cycle. The result for a 
case of pure normal load corresponding to po = 5.5 k, qo = 0 and at depth y = a is 
given in Figs. D-2 through D-5. 
The stresses which are found by the above procedure are inexact only to the 
extent that they do not satisfy the condition of equilibrium, since no attempt was 
made to maintain equilibrium during -the loading cycle. The assumption of using 
strains identical to the elastic strains, satisfies the compatibility condition. The 
stress boundary conditions (i.e., tract ion free surface outside the contact) were also 
satisfied. Therefore the solution is only an approximation to the exact solution. 
However, it is possible to restore the condition of equilibrium at the end of the load- 
ing cycle, as discussed in the next section. 
D o  Residual Stresses and Strains 
Had the loading been entirely elastic the stresses would approach zero when the 
US. Gill. "A Process for the Step-by-Step Integration of Differential Equations in An 
~utorndt ic Digital Computing ~a&ine,~* pro& Camb. Phil. Soc., 47 (j 95 1 ) 90- 1 08. 
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considered point approached x = . However, as a result of plastic deformation each 
point must have a state of residual stress. The periodicity of the problem requires 
that residual stresses and strains be independent of x; i.e., 
However, the equilibrium equations 
I a ( P x ) r  + xyr = o .  
require that 
The boundary conditions of o = 0 and o = 0 at x = and y = 0, then give f2 = f3 = YY XY 
0 at y = 0 or c l  = c2 = 0. Finally, the only possible state of residual stress is 
I 
The above numerical procedure gives nonzero ttpseudo-residual stressestt ( ) 
I 
YY r 
and (o ) which violates equilibrium and stress boundary conditions. These con- 
XY r 
dit ions can be satisfied by permitting these stresses to relax elastically, which results 
in a state of residual strains. Carrying out this procedure, the residual strains at the 
end of a loading cycle are 
where (0 )I and (a )t are the pseudo-residual stresses and (r ) is the engineering YY r. XY r XY r 
shear strain. Furthermore, the residual stresses (aXX)r and (a zZ)r become 
Using the residual stresses ( ax,) and (J,) as initial conditions in a repeated 
numerical integration of the last section, new values of residual stresses are 
calculated. This procedure is repeated until there is no further change in (axx), and 
t ( (which corresponds to (0 ) approaching zero). This condition is satisfied YY r 
after 5 to 10 integration cycles as observed in Figs. D-6 through D-8. However, the 
residual shear strain per pass ( v  ) approaches a constant vlaue. Therefore, the 
XY r 
steady state residual stresses correspond to the physical steady state of residual 
stresses and the residual shear strain corresponds to the physical steady state 
increment of shear strain for each passage. 
E. The Procedure for Numerical Calculation 
The preceding method was programmed in DGC FORTRAN IV language and a 
Nova 2 mini computer (which uses 32 bits for real numbers) was used to perform the 
computations. The procedure is shown by a flow chart in Fig. D-9. The FORTRAN IV 
program is listed in Appendix E. It should be noted that the DGC FORTRAN IV 
language used differs from ANSI FORTRAN IV (especially in handling of DATA 






















I 2 3 4 - 5  
No. of  I terat ion Cycles 
Figure 0-6 The residual stresses versus the number of iteration cycles 
for rolling ( p = 0); for po = 5.5k, at y/a = 1.0. 
No. of  Iteration Cycles 
Figure D-7 The residual stresses versus the number of iteration cycles for 
sliding ( = 0.5); for po = 4k, at different depths. 
No. of I terat ion Cyc les  
Figure D-8 The residual stresses versus the number of iteration cycles 
for sliding (p = 1.0); for Po = 4k, at different depths. 
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Set Residual stress = 0 
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Figure D-9 The flow chart for numerical calculation of the state of stress and 
residual stresses and strains under a sliding contact. 
F. Discussion of the Solution 
The final state of stress and the residual stresses and strains calculated by the 
above produce is an approximate solution for the case of steady state sliding (i.e., 
when the residual stress ( axx)r and ( become constant and the pseudo-residual 
1 
stress (a ) becomes zero). Merwin and Johnson considered the integration cycles 
YY r 
before steady state is reached to be the actual transient solution, but this is not 
I 
necessarily correct since it is only after the last integration cycle that ( o ) YY r 
approaches zero. 
The assumption of allowing the total strains during plastic deformation to be 
identical with the elastic strains is reasonable for low friction coefficients (i.e., less 
than 0.5) since the region which continuously deforms plastically is contained by an 
elastic region around it. Therefore, the total strains cannot be much larger than the 
elastic strains. For larger friction coefficients a boundary of the plastic region is at 
the surface, which may cause larger strains near the surface. Therefore, the solution 
becomes less exact at larger friction coefficients and near the free surface. 
However, it should still be reasonable deep below the surface near the elastic-plastic 
boundary. 
The approximate solution found from the preceding method has two types of 
instabilities. The plastic stresses at the surface cannot be obtained due to the 
singularity of the elastic strain gradients at x = a. The solution also becomes unstable 
in that the residual stresses do not converge to steady state values very near the 
steady state elastic-plastic boundaries for low friction coefficients (lower than 0.5). 
However, there is no problem at a small distance from the elastic plastic boundary 
inside the plastic region. 
APPENDIX E 
COMPUTER PROGRAM FOR NUMERICAL CALCULATION OF THE 
STATE OF STRESS AND THE INTERFACIAL NORMAL STRESS 
AROUND INCLUSIONS 
The DGC FORTRAN IV program which was used for calculation of the state of 
stress, the residual stresses, the residual strains, and the interfacial tensile stress 
around inclusions is listed in this appendix. The assumptions and the procedures are 
described in Chapter IV and Appendix D. The following program was written to be 
used with a NOVA 2 mini computer (which uses 32 bits for real numbers). It should be 
noted that the DGC FORTRAN IV language differs from ANSI FORTRAN IV 
(especially in handling of DATA statements) so the program may require modification 
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